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Introduction

Due to the constantly increasing world energy demand, air and water pol-
lution, and the decreasing amount of fossil fuels, scientists keep searching
for the ways to save energy. Around 19% of energy consumed in the world
is used for lighting applications [1]. For this reason, the old inefficient light
sources are rapidly being changed by new and energy saving ones. Since
the efficiency of light-emitting diodes (LEDs) has already surpassed that of
other luminaries such as incandescent or fluorescent lamps, LEDs became
the most attractive sources for new lighting installations [2]. Moreover,
LEDs have many efficiency non-related advantages over other light sources
— they are compact, robust, resistant to cold, can be dimmed or rapidly
switched on and off, thus being suitable for Li-Fi (also known as light fi-
delity) applications [3]. Nevertheless, probably one of the main advantages
of LED technology is the ability to engineer the shape of their spectral power
distribution (SPD) regarding to the applications [2, 4, 5]. For this reason,
LEDs are widely applied as the indicator lamps on electronic devices, exit
signs in the buildings, car turn lights, traffic signals and lights, design ele-
ments in architecture or interior, etc. [4, 5]. A schematic drawing of a direct
emission LED is presented in Fig. 0.1 (a). The LED chip (1) placed inside
a reflector (2) is connected to metal terminals (3) via wires (4) and encap-
sulated in epoxy resin (5). This kind of LEDs emit only a single colour of
light (6). As a result, in order to get white light, clusters of different colour
direct emission LEDs are used. The most popular one is the RGB cluster
which consists of a red, green and blue chips. Although widely applied for
computers or TV screens back-lights, these clusters are not suitable for the
general lighting applications due to increased colour saturation [6].
Another way to obtain white light is to combine LEDs with light con-
verting photoluminescent materials called phosphors. Such LEDs are known
as phosphor-converted LEDs (pcLEDs) [7]. A schematic drawing of a white
partial conversion pcLED is presented in fig 0.1 (b). Here it is seen that a
part of the blue light (6) is absorbed by phosphor particles (7) (e.g. yttrium
aluminium garnet doped with Ce3™ (YAG)) within silicone or epoxy resin
(8) and converted to yellow light (9). The remaining blue light (10) is scat-
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Figure 0.1: Schematic drawings of: (a) direct emission LED; (b) partial con-
version pcLED; (c) full conversion pcLED [VI,VII].

tered and diffused by phosphor particles and mixes with yellow photolumi-
nescence (PL) emitted by the phosphor thus creating white light. However,
the SPD of such light source consists of only two components; therefore, it
is characterized by a high correlated colour temperature (CCT), low colour
rendition properties and colour dulling [4]. Nowadays in order to overcome
this problem, phosphor blends of 2 different phosphors are applied for gen-
eral lighting applications. Such light sources can be of different CCT values
and render colours with high fidelity [5].

White light also can be generated via full conversion using an ultravi-
olet (UV) LED and three different phosphors. This type of LED is called
full conversion pcLED and its schematic drawing is presented in fig. 0.1 (c).
Here, the emitted UV light (6 a,b, and ¢) is absorbed by blue (7a), green
(7b), and red (7c) phosphor particles and converted to a blue (9a), green
(9b), and red (9c) light, respectively. The mix of these three components
is perceived as white light. Despite the good colour rendition parameters
caused by the broad PL components composing SPDs of such light sources,
this technology is not widely applied for general lighting due to the small
efficiency of UV LEDs, reabsorption of phosphor PL in other phosphors,
losses arising from the Stokes shift as well as the degradation of phosphor
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binding materials and plastic encapsulant [4]. Full conversion is applied
in niche applications to produce lime and amber LEDs in order to fill the
green gap arising from the lack of the materials suitable for efficient elec-
troluminecence (EL) in the green-yellow spectral region [8]. pcLEDs have
many advantages over the direct emission LED clusters — they are char-
acterized by better colour rendition parameters, are easier to install, do
not require complicated optics for colour mixing and, unlike direct emission
LEDs where different wavelength emitters need different driving current,
can be driven by a single current source.

The ability to compose different SPDs of solid state light sources creates
challenges in finding the optimal ones. Current SPD engineering of LEDs
is usually focused on achieving a high colour fidelity score Ry [9] or high
colour rendering index (CRI) R, [10] as well as the luminous efficacy of
radiation (LER) due to energy saving reasons [11]. However, it is widely
known that people tend to choose lighting with a slight colour saturation
ability [6, 12, 13, 14]. Superior LEDs could be produced by enriching their
SPDs with different colour components. The visual parameters of such light
sources should be evaluated not only in terms of colour fidelity, but other
colour rendition parameters like colour saturation, dulling or preference,
have to be taken into account. These parameters were already optimized
for the clusters of direct emission LEDs [15].

LEDs characterized by colour saturation, could be used for medical ap-
plication whereas those of preferential colour rendition would be perfect for
home, work or commercial lighting. However, due to a significant amount
of blue light in their SPDs, such LEDs cause light pollution thus negatively
affecting human health and environment [16] and for these reasons are not
suitable for nocturnal applications such as street lighting. The connection
between blue light and human physiological activity was already known in
the last century, and in the year 2001 Brainard and Thapan have proven that
the blue light detected by the ganglion cells in the eye and transferred to
brain, suppresses the production of melatonin, which is sleep hormone and
oncostatic agent [17, 18]. This means that the exposure to blue rich light
in the evenings or at night may cause the disruption of the human circadian
rhythm, i.e. the internal biological clock. Moreover, research shows that the
improper lighting, shift work or other actions that supresses the melatonin
secretion may cause various diseases such as insomnia, depression, or even
cancer [19, 20]. The importance of human circadian rhythm was highlighted
in 2017, as the Nobel prize in Physiology or Medicine was awarded jointly to
Jeffrey C. Hall, Michael Rosbash and Michael W. Young “for their discov-
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eries of molecular mechanisms controlling the circadian rhythm” [21]. For
this reason, it is of importance to take human physiology into account while

designing light sources, especially those used during the evening or at night.

Solid state light sources find the application not only in general lighting
but also in other areas. As the world food demands grow, greenhouses are
getting more popular and direct emission or pcLEDs could easily find ap-
plication in this area [22, 23, 24]. Recently the most popular light sources
in greenhouses still are the high pressure sodium (HPS), high-intensity dis-
charge (HID) or fluorescent lamps [25, 26]. However, they have many disad-
vantages over LEDs: first, they are less efficient; second, their SPDs cannot
be modified and, therefore, they emit light in unnecessary spectral regions
which is not absorbed by plant pigments. Moreover, most of these lamps
create more dangerous working conditions since they require high driving
voltage, are fragile and toxic. Solid state light sources are more advanta-
geous since they are tiny and robust what makes it easier to create optimal
lighting systems for plants. Also they are characterized by a longer lifetimes
and require less maintenance than other type of light sources. Probably the
main advantage is the one mentioned before — the ability to create an op-
timal SPD which contains only spectral components that are necessary for
plants [4, 22, 23, 24, 27].

It is known that each kind of plant needs unique growing conditions,
including lighting [28]. However in general, there are three main photo-
physiological processes in plants called phototropism, photosynthesis and
photomorphogenesis which are responsible for the movement, nutrition and
development of plant and require blue (400-500 nm), red (620-680 nm), as
well as red and far-red (700-760 nm) light, respectively. Blue InGaN and
red AlGalnP LEDs are known as well established, stable light sources and
are widely used for horticultural lighting. However, far-red AlGaAs ones
contain high amounts of aluminium and for this reason they are sensitive
to humidity and temperature variations; besides they are characterized by
fast degradation [29]. An organic LED composed of poly(N-vinylcarbazole)
doped with Pt-tetraphenyltetrabenzoporphyrin was proposed as an alterna-
tive to inorganic far-red LEDs [30]. However, the peak of its SPD is shifted
too much towards the infra-red (IR) part thus making the spectrum not
optimal for horticultural applications. Another way to get far-red light is
to use a partial or full conversion LEDs with phosphors. A good phosphor
suitable for solid state lighting applications is usually defined by six crite-
ria [31], briefly — the luminescence and excitation spectra should meet the
requirements for lighting; the phosphor must show high efficiency and be
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chemically, mechanically, and thermally stable. As a result, a phosphor for
the plant photomorphogenesis should be characterized as an efficient ma-
terial, excited by blue light and exhibiting a relatively broad PL band in
the far-red region. Moreover, it should withstand the unfriendly greenhouse
environment, i.e. be resistant to high humidity levels as well as temperature
variations. Some common far-red phosphors are: CazMgSi,Og:Eu?t Mn2*,
LiAlOy:Fe?t, CaS:Yb%*, and CaGa,S,:Mn?T [32, 33]. However, most of
them have PL excitation maxima in the UV region whereas CaGayS,:Mn?*
is known to be unstable in water [32]. Meanwhile, garnet phosphors doped
with different activators are known to exhibit strong luminescence in various
wavelength ranges. Moreover, they are characterized by mechanical, chemi-
cal, and thermal stability [34]. A good example of a far-red garnet phosphor
is yttrium aluminium garnet (Y3Al;045, YAG) doped with Cr®* ions. This
phosphor is described by efficient PL in the far-red region which is even
enhanced by co-doping with Ce3* ions [35, 36]. However, the PL spectrum
of this particular phosphor is in the range between 680 and 720 nm which
does not match the absorption spectrum peak of the far-red phytochrome —
the plant pigment responsible for the process of photomorphogenesis. For
this reason a phosphor host characterized by a weaker crystal field leading
to a slightly longer PL wavelength is desirable.

This work consists of three parts dedicated to the application of pcLEDs
in different areas: horticultural lighting, street lighting and lighting char-
acterized by different colour rendition properties. In the first part, a con-
cept of phosphor-converted solid state sources of light for greenhouses is
discussed. Literature review gives the background of plant photobiology,
briefly describes the synthesis methods of garnet materials and presents the
PL mechanisms of different gallium garnets activated with Cr®* ions. In
this part the morphological and PL properties of gadolinium, gadolinium
scandium, yttrium and lutetium garnets doped with different amounts of
Cr?t and annealed at different temperatures are presented and discussed. In
the end of this part a prototype luminary meeting the photomorphogenetic
needs of plants is presented.

The second part describes the non-visual effect of light on human cir-
cadian rhythm and presents an introduction to colour science. In this part
a concept of photobiologically friendly mesopic sources for street lighting
is presented which is based on the modelling and characterization of theo-
retical spectra. The chapter is finalized with a presentation of a patented

pcLED prototype characterized by minimized circadian action.

The last part gives a more comprehensive analysis of the visual param-
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eters of light and discusses different colour quality evaluation metrics. Here,
a model for creating theoretical pcLED SPDs as well as their optimization
in respect to different colour rendition properties (colour fidelity, colour sat-
uration, colour dulling and colour preference) and LER is presented. The
model is confirmed by composing theoretical SPDs using PL spectra of real
commercial phosphors as well as by a patented prototype validated by a
psychophysical experiment.

Goal of the dissertation

The goal of the dissertation is to develop theoretical SPDs of pcLEDs for
niche applications such as greenhouse lighting, photobiologically friendly
outdoor lighting and general lighting of preferential colour rendition as well
as to design and characterize such pcLED luminary prototypes.

Tasks of the work

In order to reach the goal of the scientific work the following tasks were set:

1. To measure and investigate the PL properties of gadolinium, gadolin-
ium scandium, yttrium and lutetium gallium garnet phosphors doped
with Cr3* and calcined at different temperatures.

2. To develop and characterize a pcLED luminary prototype for the con-
trol of plant photomorphogenesis with the spectral power distribution
containing a far-red component in the 700-760 nm range.

3. To model and characterize theoretical SPDs of pcLED with low circa-
dian action as well as to design and characterize a photobiologically
friendly firelight pcLED prototype for outdoor lighting.

4. To verify the theoretical optimization model of pcLED SPDs char-
acterized by high fidelity, colour saturation or colour preference by
determining the colour rendition properties of the composite SPDs
with the spectral components provided by commercial phosphors.

5. To design and characterize a pcLED luminary of preferential colour
rendition and to validate it by means of a psychophysical experiment.
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Novelty and importance of the work

The novelty of this work lies in the in the optimization and engineering of
the SPD of pc LEDs for three application fields: horticulture, street lighting,
and general lighting.

At the time of performing the research there were many solid state
lighting options for the use in greenhouses such as HID, HPS, or direct
emission LEDs. However, there were no greenhouse lighting solutions based
on pcLEDs. The novelty of this part relies on the synthesis method of
Cr3* doped gallium garnets and their characterization as well as on the
proposed new field of application — horticultural lighting with controlled
photomorphogenesis of plants.

The novelty of the second part is the concept of a healthy street lighting
which can be accomplished by finding the trade-off between non-visual effect
on humans, on one hand, and the LER and colour quality, on the other
hand. The novelty of this part is also verified by the patent of the Republic
of Lithuania VT, as well as by an international PCT patent application VII.

The novelty of the third part is based on the verification of the the-
oretical optimization of SPDs of pcLEDs characterized by different colour
rendition properties. The novelty also lies in the design of a pcLED lumi-
nary with preferential colour rendition properties, verified by a US patent
and international PCT patent application VIII.

Key statements for defence

1. Sol-gel derived gadolinium, gadolinium-scandium, yttrium and
lutetium gallium garnets doped with Cr3* can be efficiently excited
by blue light and exhibit a broad PL band in the far-red region.
Moreover, no thermal quenching is observed in these phosphors at
least up to 90 °C, meaning that they can be successfully applied for
phosphor-converted light-emitting diodes meeting the photomorpho-

genetic needs of plants.

2. The two-component blue-orange spectral power distributions of the
modelled light-emitting diodes and designed prototypes are charac-
terized by small correlated colour temperatures, low circadian action
factors, relatively high mesopic colour rendition indices and, there-
fore, are favourable for the use in photobiologically friendly mesopic
outdoor lighting.
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3. The modelling of composite spectral power distributions consisting
of photoluminescence spectra of Eu?* doped phosphors has shown
that theoretical Gaussian shape spectral components can be used for
the optimization purposes of phosphor converted light-emitting diodes
characterized by high fidelity, colour saturation and colour preference.

4. The developed and psychophysically validated phosphor converted
light-emitting diode luminaire of colour preference can be used in
certain niche applications, which require enhanced attractiveness of
illuminated objects.

Layout of the dissertation

Due to the broad topic of scientific work, the dissertation is divided into
three chapters each covering a different application field and consisting of
separate sections called Literature review, Experimental method and Re-
sults. The dissertation begins with the Introduction which shortly intro-
duces to the research, defines the main terms and presents the significance
ofthe topic. The first chapter “Phosphor converted light-emitting diodes for
plants” is dedicated to the pcLEDs application in greenhouses. It describes
the photobiological processes in plants, explains and presents the PL of far-
red gallium garnet phosphors and introduces the pcLED luminary meeting
the photomorphogenetic needs of plants. The second chapter “Phosphor
converted light-emitting diodes with low circadian action for outdoor light-
ing” covers the non-visual effects of light on human circadian rhythm. It
explains the basics of human physiology related to lighting and presents the
solutions for photobiologically friendly street lighting. The chapter is final-
ized with the patented firelight pcLED prototype for street lighting char-
acterized by low circadian action. The third chapter even is more devoted
for colour science and compares various colour quality evaluation metrics.
It presents the modelled SPDs of pcLEDs characterized by different colour
rendition properties, i.e. high fidelity, colour saturation, colour dulling, and
colour preference. The model is validated by a patented PrefLED prototype
and a psychophysical experiment presented in the end of this chapter. The
work is finalized with the Conclusions that summarize the entire work.
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1 Phosphor converted
light-emitting diodes for plants

This chapter is dedicated for the topic of solid state horticultural lighting.
The literature review gives the information on the photobiological processes
of plants and explains the PL mechanisms of garnet phosphors used for
pcLEDs. Experimental part introduces the techniques that were used for
this work, including the chemical synthesis of the samples, photolumines-
cence measurements and description of the design process of the solid state
luminary for the plant growth. The last section gives the results of the
work, such as properties of the investigated garnet materials and presents
the characterization of the luminary prototype. The information and results
provided in this chapter are based on Papers III, IV, and V.

1.1 Literature review

In this section a theoretical background necessary for understanding the
photobiological processes in plants as well as the synthesis and working
principles of light converting phosphors is presented. The first subsec-
tion introduces the main photobiological processes like photosynthesis, pho-
totropism and photomorphogenesis and briefly discusses their importance
for the growth and development of higher plants. Further goes the introduc-
tion on the synthesis methods of phosphor materials and the description of
their chemical and physical properties with the emphasis on Cr(III) doped
gallium garnets, which were studied in this research.

1.1.1 Photophysiological processes in plants

Greenhouses are an important facility for the human population, especially
in Nordic countries, since they enable to grow fruit and vegetables despite
the season or latitude and to harvest more than once a year. Moreover, the
constantly growing population of humanity increases the demand for food,
water, energy and other goods provided by our planet. There is no place
to grow crops in densely populated cities and the transportation of food
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from the outskirts is unsustainable, due to the “horizontal sprawl” of the
world largest cities [37]. For this reason a “vertical farm” is becoming a very
attractive concept. As defined by the ecologist D. Despommier, “the vertical
farm is the mass cultivation of plant and animal life for commercial purposes
in skyscrapers. Using advanced greenhouse technology such as hydroponics
and aeroponics, the vertical farm could theoretically produce fish, poultry,
fruit, and vegetables” [24]. An innovative lighting technology is also a very
important component for the successful farming [37]. In the year 2009 LEDs
were claimed to be a promising light source for the greenhouses [23] and they
are still being research today letting for HPS and HID to lead in the area of
horticultural lighting [25]. However, a recent study has shown that LEDs
are ideal in luminous efficiency, life span and electricity usage if compared
do HPS and CFL lamps [27] for this reason they are the main candidates
for niche areas such as the vertical or space farming [37, 38].

In order to optimize the growth conditions it is important to customize
the lighting according to the needs of plants. The light is absorbed by
a number of various pigments in a plant that afterwards initiate different
photophysiological processes. Three main such processes are phototropism
— that is responsible for the movement of plants, photosynthesis — which
supplies the plant with necessary carbohydrates, and photomorphogenesis
— which is responsible for the development of plant. The pigments initiating
these processes are, respectively, phototropin that absorbs light in the blue
region (400-500 nm), chlorophyll that absorbs red light (620-680 nm), and
phytochromes P, and Py, that absorb red and far-red (700-760 nm) light,
respectively [39]. Much research has been done in order to determine the
optimal SPDs of light sources for plants [23, 29, 40, 41] and the results are
varying for each species. However, approximately optimal SPD for plants
should consist of 75-87% of red light, 10-20% of blue light and 3-5% of
far-red light [4]. Although the percentage of far-red light is negligible and
seems unnecessary, it was shown that if an SPD of a light source lacks
the far-red component, the plants are smaller, thinner and do not develop
roots [29, 40]. Moreover, the same study has shown that by modifying the
amount of far-red light the shape of plants can be controlled [29]. For this
reason, in order to optimize the plant growth conditions, it is important to
compose the right SPD containing all necessary components.
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1.1.2 Synthesis of garnets

Depending what form of the phosphors are desired (single crystal, powder
or ceramic), garnets can be synthesized by different methods. Single crystal
materials are usually grown by Czochralski method. They are characterized
by outstanding thermal properties since these type of light converters do
not contain epoxy or silicone which are sensitive to high temperatures and
UV radiation. However, the production of single crystal phosphors is expen-
sive and to date they are mostly applied for white laser diodes (LDs) [42].
Due to the lower output power and chip temperature than that of LDs,
phosphor converters for LEDs can be produced of phosphor powder and
silicone or epoxy resin mixture [1]. The well known methods for the gar-
net phosphor powder synthesis are the solid state reaction, co-precipitation
or sol-gel methods [7, 43]. Phosphor powders are usually characterized by
poorer quality than the crystal samples, nevertheless they are the most
popular choice for light converters due to the significantly lower production
cost [44]. The thermal properties of the powder phosphors can be improved
by producing ceramic phosphors. They are usually made by applying a
high pressure and temperature on phosphor powders [45]. However, due
to the required additional equipment and the increased production time,
ceramic phosphors as well as single crystals are mostly considered only for
high power LED or LD applications [46].

Czochralski process

The Czochralski process was invented by a polish chemist Jan Czochralski
and is used for the manufacture of single crystals. It is the most popular
method for the growth of silicon single crystals for wafer production [47],
but is also applied for the making of high quality garnet phosphors [42,
48, 49]. During this method the seed of a single crystal is immersed to
a crucible full of a hot stoichiometric solution and slowly pulled upwards.
Due to the temperature gradient the solution crystallises on the seed, thus
forming a high quality single crystal [47]. However, the process is slow,
expensive and requires special equipment. Moreover this method is not the
best option for the growth of gallium garnet crystals due to the volatility of
one of the starting materials GayO53 which prevents the ability to keep the
stoichiometry of the solution [43].
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Solid state reaction

The solid state reaction is the simplest, cheapest and the most widely ap-
plied method of the powder phosphor synthesis [7]. During the solid state
reaction, the dry precursors are mixed, heated at 1000-1500 °C and ground.
However, the simplicity of this process has its drawbacks — it requires mul-
tiple heating and grinding, moreover the obtained powder consists of large
(several tens of microns) dispersed size crystallites, containing defects and
impurities which reduces the luminescence efficiency [7].

Co-precipitation method

Co-precipitation method is classified as a solution-based chemical synthesis.
The main advantage of this method is the ability to control the resulting
particle size. During the co-precipitation method, the oxides of garnet com-
posites are dissolved in the nitric acid and mixed together with ammonium
bicarbonate. The precipitates form after 20 hours which then are filtered,
washed, heated to decompose a precursor and calcined to form crystallites
[43]. However, in order to completely remove the residues of precursor salts
the repeated washing is necessary, which makes the whole process compli-
cated and time consuming [7].

Sol-gel method

The beginning of the sol-gel method is very similar to that of the co-
precipitation. However, during this process instead of ammonium bicar-
bonate a complexing agent tris(hydroxymethyl)-aminomethane is mixed to
the solution which turns to a sol. The sol is heated to 65 °C and evapo-
rated until it becomes a gel. The gel is further dried at 110 °C and the
temperature of the hot plate is raised gradually until a self-combustion of
the gel is initiated. The ashes are heated for 4 h in 800 °C until metal
oxides are formed and carbonate composites are removed. To form garnet
phase materials, these compounds are heated for 10 h at 1000 °C. The ob-
tained material consists of high quality and purity crystallite particles in
the nanometre-micrometre range [7]. The sol-gel method is one of the most
attractive methods for garnet synthesis, because it is simple and non-time

consuming, yet yielding a high quality material.
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Figure 1.1: Simplified Tanabe-Sugano diagram for the d* configuration. z
axis represents the crystal field strength (Dq), y axis represents
the energy (E). Adapted from [54].

1.1.3 Physical and chemical properties of gallium garnets

Garnet crystal structure materials are characterized by specific chemical and
physical properties. They are inert and resistive to humidity, temperature
variations and even most of the acids. The crystal lattice of garnets is cubic
and has a complicated structure with 160 ions composing a unit cell [50].
The general formula of garnet compound is A3B;C3D;5, here the element
A occupies dodecahedral, B — octahedral, C — tetrahedral, sites and D is
situated between elements A, B, and C on the top of polyhedra [51]. In the
case of gadolinium, lutetium, and yttrium gallium garnets (GGG, LGG, and
YGG, respectively), the D site is taken by oxygen, B and C by gallium and A
by gadolinium, lutetium, or yttrium, respectively. In the case of gadolinium
scandium gallium garnet (GSGG), B site is occupied by scandium and A site
is occupied by gadolinium. When garnets are doped with Cr3* it occupies
B position ending up in the octahedral site [48].

In the periodic table chromium belongs to the transition metals block.
When chromium looses three electrons, Cr3* ions get the d® configuration.
3d orbital is not screened and becomes strongly influenced by the external
crystal field [52, 53]. The energy level diagram of Cr3* of d® configuration
in octahedral site was calculated by Tanabe and Sugano and can be found
in refs. [53, 54, 55].
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A simplified energy diagram showing only the ground state and part of
the second excited state is presented in Fig. 1.1. Here the z axis represents
the crystal field strength Dq and the y axis — the energy E. As it is seen
in the diagram, a degenerate ground state of a free ion of d® configuration
is labelled as F and in the octahedral field it is split into a ground state
4A, and two excited states “Ty and *T; [55]. The degenerate excited states
in the same manner are split in a number of components. The absorption
bands of Cr** ions are due to the ‘A,— 4T, and “A,— 4T, transitions
and the photoluminescence (PL) occurs due to the 4Ty— 1A, or 2E— 1A,
transitions depending on the crystal field strength. For a weak crystal field
the energy difference AE between ?E and 4T, energy levels is small and
at room temperature, they are in a thermal equilibrium thus the spin al-
lowed *Ty— %A, transition is dominant. However, for a stronger crystal
field AE increases and transition E— %A, takes place [48, 55, 56]. The
crystal field strength is varied by changing the elements composing the lat-
tice and thus increasing or decreasing its parameter. E.g. due to the greater
diameter of Gd ion, the crystal field in GGG:Cr is weaker than in YGG:Cr
or LGG:Cr [48, 55, 57]. Moreover, as it is seen in Fig. 1.1 the distance
between the energy levels depends on the crystal field strength, therefore,
by changing the lattice parameter it is also possible to tune the PL peak
wavelength [48, 55, 56].

1.1.4 Quantum efficiency

The quantum efficiency (QE) is a very important parameter of luminescent
materials. For liquid solutions (e.g. polymers) the internal QE is defined
as the ratio of photons emitted to photons absorbed by the phosphor. It
also can be expressed as the ratio of radiative transition rate to the sum of
radiative and non-radiative transition rates [58]. The external QE can be
defined as the internal QE multiplied by the light extraction, which is the
number of photons emitted by the sample to the total number of converted
photons. The main factor limiting the light extraction is the reabsorption.
For this reason it is very important to make sure that the samples are thin
and uniform [58, 59].

However, for phosphor powders the definition of internal and external
QE is slightly different, according to ref. [44] “the internal QE is how much
light (photons) absorbed by the phosphor is converted into luminescence.
The external quantum efficiency denotes the ratio of the number of photons
of the emitted light to that of the incident light on a phosphor” and is
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expressed as follows:

[ A-P(\)dx [ A-P(A)AA
TA-ENdA— [A-RNAN T X BN

Nint = (1.1)
here P(\), E(\) and R()\) are the spectra of PL, excitation light and re-
flection, respectively [44]. The internal QE is usually limited by the lattice
defects, impurities or concentration quenching [60, 61].

The PL QE is not the only factor limiting the efficiency of phosphors
— some energy is lost due to the Stokes shift which simply is the wave-
length conversion loss. As a photon with a shorter wavelength has higher
energy than the one having a longer wavelength, the total energy loss AF
is expressed as:

hc  hc

AE = FE — Fy — — _ = 1.2

1 2 b\ )\2 ) ( )
thus the wavelength conversion efficiency is calculated by the following equa-

tion: b )
Vo 1
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here A1, A2 are the weighted wavelengths and v1, v5 are the frequencies of the
excitation and PL, respectively [5]. The overall limiting radiant efficiency
of a partial conversion LED caused only by the Stokes shift is expressed as:

M0 = P1 + P21, (1.4)

where p; and po are the proportions of the excitation and PL components
composing the SPD.

1.1.5 PL decay time

When the PL excitation (PLE) light is switched of, the PL does not stop
instantly, but rather decays gradually, this process is called the luminescence
decay and is described by a PL decay time 7. PL decay time usually depends
on the host lattice, its quality, the amount of dopant ions or impurities that
cause different recombination processes. For the most simple case when
there is only one recombination process the decrease of PL intensity I(t) is
described by the following equation:

I(t) = Ipexp(—t/7), (1.5)

here Iy is the PL intensity at the initial moment, ¢ — is time. As it can be
understood from eq. 1.5, the decay time 7 defines the period of time, after
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which the intensity of PL is reduced e times. However, usually the materials
are more complex and there are several recombination mechanisms, in this

case the PL decay is described by a multiexponential decay law:
I(t) = Zai exp(—t/7i), (1.6)
i

here «; describes the relative input of each recombination centre to the
whole decay law. Input of a certain process to the integral PL signal is
found from the following relation:

QT

s i

where f; is the weight function for each recombination process [62]. It is

fi (1.7)

worth mentioning that for a biexponential decay it is enough to calculate
only f; since these coefficients are linearly dependent: fo =1 — f [63].

1.2 Experimental methods

In this section the synthesis and characterization methods of the samples
are presented. The synthesis and structural analysis of the garnet phos-
phors was performed at the faculty of Chemistry and Geosciences by dr. S.
Butkuté and co-workers. The comprehensive analysis of the synthesis and
chemical properties of phosphors are described in dr. S. Butkuté’s doctoral
dissertation [64]. Here, a brief description of the synthesis and morpho-
logical analysis of the samples is presented. The section also describes the
sample preparation for the PL measurements and the description of PL,
PLE, PL QE, and PL decay time measuring techniques. Finally a design
process of the far-red luminary meeting the photomorphogenetic needs of
plants is discussed.

1.2.1 Synthesis of the samples

The schematic drawing of the sol-gel combustion method is presented
in Fig. 1.2. The garnet structure powder phosphors GdzGazOq2:,Cr?t
(GGG:Cr) and Gd3Gaz012:Ce?t,Cr3t (GGG:Ce,Cr) doped with chromium
(Cr = 0.25, 0.5, 1, 3, 5 and 10 mol%), and equimolar amounts
of cerium and chromium (Ce 4+ Cr = 0.25, 0.5, 1, 3, 5 and 10
mol%), respectively calcined at 1000 °C as well as Gd3GazO12:Cr3+
(GGGZCI‘), Y3Ga5012:Cr3+ (YGG:CI), GngCQGa301220r3+ (GrSGrGr:CI‘)7
and LuzGas012:Cr3* (LGG:Cr) with chromium concentrations of 3, 5, and
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Figure 1.2: Schematic drawing of the sol-gel combustion method.

8 mol% were synthesized by a sol-gel combustion method. The starting
materials GdsO3, GasO3, Y203, ScoOgz, and LuyO3 were dissolved in con-
centrated hot nitric acid and by a molar ratio mixed with a chromium nitrate
nonahydrate dissolved in distilled water (Cr(NOs)5-9H,0). Afterwards the
complexing agent tris(hydroxymethyl)-aminomethane (TRIS) was added in
a molar ratio 1:1 with metal ions and the solution was continually stirred for
1 h at ~70 °C and slowly evaporated. Then the hot-plate temperature was
raised to 300 °C thus initiating the self-propagating combustion. In order
to remove the carbon compounds, the obtained ashes were preheated for 4 h
at 800 °C. The materials were calcined at 1000 °C for 10 h. After the PL
QE measurements, the optimal concentrations of Cr3* for different garnet
phosphors were established and the synthesis process was repeated adding
the determined optimal amount of Cr3* and performing the calcination at
1300, 1400 and 1500 °C. Pure GGG calcined at 1000 °C was prepared for

reference.

The YGG:Cr phosphor for the pellets was prepared by the same method
as described above. The resulting powder was pressed into pellets and
heated for 10 h at 1000, 1100, 1200, 1300, and 1400 °C temperatures with
a heating rate of 3 °C. The pellets were intended to be doped with 8 mol%
of Cr3*. However, the further analysis of the material has revealed that the
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Figure 1.3: 3D and 2D drawing of the phosphor case used for the measure-
ments of PL and QE.

concentration was 8.7 mol%

The XRD analysis of powder phosphors was performed using a Rigaku
MiniFlex II diffractometer working in the Bragg—Bretano (6/26) geometry.
The data was collected using the CuKa (A = 1.54060 A) line within the
260 angle from 10 ° to 70 ° and the scan speed was kept at 10 °/min. The

microscope images of the samples were taken using Hitachi SU-70 SEM.

1.2.2 Photoluminescence experiments
Sample preparation for PL measurements

In order to perform correct PL and QE measurements, avoid the reab-
sorption and be able to compare the PL properties of different samples it
was important to ensure the thin and even thickness of phosphor powder
samples. For this reason special poly(methyl methacrylate) (PMMA) cases
designed by FreeCAD 3D modeling software were engraved using ROLAND
Modela 4 MDX-40 milling machine. The 3D and 2D drawings of the case
is presented in Fig. 1.3.

The cavity No. 1 is filled with phosphor powder and covered by a mi-
croscope glass that is glued to the surface No. 2. Afterwards the case is
softly shaken and the powder falls to the 200 pm thickness cavity No. 3
thus forming a thin and uniform layer.

Measurements of diffuse reflection, PLE and PL

Due to the opaque nature of garnet phosphor powder it is impossible to
measure the transmission spectra. White colour phosphor powder particles
scatter the light to all directions. In order to collect scattered light the
diffuse reflection spectra were measured using Perkin Elmer Lambda 950
spectrometer equipped with an integrating sphere. The diffuse reflection
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was measured in the intervals between 350 and 800 nm, as well as 200 and
800 nm, for phosphor powders and pellets, respectively; Spectralon® white
standard was used as a reference.

The PL spectra of GGG:Cr and GGG:Cr,Ce during the optimization of
garnets were measured with a Hamamatsu PMA-11 spectrometer. A blue
LED (peak wavelength 445 nm) was used as an excitation source. Due to
the very weak PL signal a red-pass filter (cut-off 600 nm) was used in front
of the spectrometer fibre.

The PLE and PL spectra were measured using Perkin Elmer LS55 flu-
orescence spectrometer. During the PLE measurements PL was monitored
at different wavelengths for each sample depending on the PL band peak
value position (720 nm for GGG:Cr, 710 nm for YGG:Cr, 758 nm for GSGG,
and 705 nm for LGG). The PL was measured upon 450 nm excitation since
PLE bands of all samples peaked around this value. Moreover, most of the
commercial blue InGaN LEDs are characterised by a peak wavelength of
this value.

The PL intensity dependence on the ambient temperature was measured
using a LabSphere Peltier element in the —5-85 °C range. The PL was
detected with Hamamatsu PMA-11 spectrometer.

Measurement of quantum efficiency

The measurements of QE were performed by the J. C. de Mello proposed
method described in [59]. The experimental scheme is presented in Fig. 1.4.
Here the light source is a halogen lamp placed in a black box 1. The light
comes out through a diaphragm and is focused to a monochromator with a
convex lens 2. 450 nm blue light comes out of the monochromator, passes
the blue-pass filter 3 (cutoff 500 nm) and is focused with another convex lens
(4) to an integrating sphere 5 (Sphere Optics, Spectralon® white standard).
Screen 6 protects the detector from the direct excitation light. The light is
collected with a fibre 7 and is transferred to a spectrometer (Hamamatsu
PMA-11) which further sends the data to the computer. The inner part of
the sphere is covered by a white barium sulphate layer which reflects and
diffuses the incident light.

In order to calculate QE values, the measurements are performed under
three different configurations: A, B, and C that are depicted on the right
hand side of Fig. 1.4. Under the A configuration only the excitation light is
measured so the sphere is empty. Afterwards the sample is placed into the
sphere yet the excitation light is not focused to it (B). This way during the
later calculations PL induced by the light reflected from the sphere walls is
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Figure 1.4: Experimental setup of the QE measurements.

neglected. Under the last C configuration the excitation light is focused to
the sample. When spectra of the three described configurations are collected
the QE is calculated using the following equation:

L
op = ¢ L' iLPB, (1.8)
La(l-72)

here P and Pp are integrated PL spectra measured under B and C configu-
rations, respectively, L4, Lp and L¢ are integrated spectra of the excitation
light measured under A, B and C configurations, respectively.

Measurement of PL decay time

In order to measure the PL decay times, two different methods can be
employed — time domain (TD) and frequency domain (FD) [62]. Due to a
more simple experimental set up and the possibility to use a blue LED as
an excitation source the latter was chosen for this research. The principle
of the FD method is presented in Fig. 1.5 [63]. During this method the
excitation signal is modulated with an angular frequency w and modulation
depth M. Due to the finite PL decay time (7 > 0), the sample PL signal is
delayed. As a result the phase shift ¢ occurs and the modulation depth m is
reduced. In general case the phase shift and the reduction of the modulation
p have the following expressions:

N,
¢:arctanD—w, ,u:%:\/Ng—i—D(%, (1.9)
w
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here N, and D, are sine and cosine intensity transformations of the fre-
quency domain that under the multiexponential conditions have the follow-

ing expressions:

oW} ;T

Z’i 14w?2T; T 14w2T;
e S » Yl Y (1.10)
D 0T D2 QT

In general, the phase shift and modulation depth are measured in the
broad interval of frequencies and the parameters are calculated by fitting
the best non-linear function using the least square method. E.g. for the
biexponential case we obtain the parameters 71, 7, and «y. The parameter
a is not mentioned since it linearly depends on a1: ag =1 — «; [63].

During the experiment the blue InGaN LED (peak wavelength 445 nm)
excitation light was sinusoidally modulated in the frequency range between
1 Hz and 25 kHz. The excitation light passed the blue-pass filter (cutoff
500 nm) and was focused to the sample. The PL signal emitted by the
sample was filtered with a red-pass filter (cutoff 600 nm). The PL was
detected by a photomultiplier Hamamatsu H6780-01, the modulation depth
and the phase shift were measured using a digital lock-in amplifier Signal
Recovery 7265. The electronic noise was evaluated by replacing the sample
with a metal plate and repeating the measurement. The optical noise of the
environment was evaluated by performing the measurement with a covered

excitation light source.

Intensity —

Time —

Figure 1.5: Blue excitation signal modulated by a sinusoidal shape and the
following far-red PL. Here ¢ is a phase shift and p is the reduc-
tion of a modulation depth (after [63]).
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Figure 1.6: Up: drawing of the far red luminary for plant photomorphogen-
esis; down: photo of the far-red luminary for plant photomor-
phogenesis. Driving current 350 mA [V].

1.2.3 Design process of the luminary

The design process of the pcLED luminary for the plant photomorphogenesis
is described in Paper V. Although the phosphor pellets exhibit better PL
properties they still cause some technological difficulties for the application
in pcLED luminary. For this reason the phosphor converter was made of
YGG:Cr3t 8 mol% powder, calcined at 1300 °C, mixed with a transparent
sanitary silicone with phosphor concentrations of 5.3 wt% and 5.7 wt%.
PMMA cases of different depths — 0.5, 1 and 1.5 mm were used as molds
for converters. The cases were milled with the milling machine described in
subsection 1.2.2, their 3D model is presented in the upper part of figure 1.6
as No. 4. The solidified converters were examined and the one of 1.5 mm
thickness and 5.7 wt% phosphor concentration was found to be optimal for
the luminary design. The drawing of the far-red luminary is presented in
figure 1.6. The excitation source — Philips Lumileds Rebel Royal Blue (peak
wavelength 452 nm) was mounted inside the HortiLED greenhouse luminary
housing with a radiator 1, the 5.7 wt% 1.5 mm thickness phosphor-silicone
converted 2 was placed inside the engraved PMMA lens 3. The picture of
the designed far-red luminary is presented in Fig. 1.6
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1.3 Results

This section presents the morphological, photoluminescence and tempera-
ture properties of gallium garnets doped with Cr®*. In the end the char-
acterization of the designed far-red pcLED luminaire satisfying the photo-
physical needs of plants is provided.

1.3.1 Structure and morphology of gallium garnets
Powder samples

The synthesised phosphor samples were in the form of white powder with
a greenish hue, which was more pronounced for higher calcination temper-
atures.

Figure 1.7 shows the XRD patterns of gallium garnets doped with Cr3+
and calcined at 1000 °C. It is seen that all patterns match the standard data
(ICDD) shown as straight vertical lines which means that the synthesised
phosphors are of the desired garnet crystal phase.

The morphology of phosphor powder strongly depends on the calcina-
tion temperature. Figures 1.8-1.10 present the SEM images of GGG:Cr,
GSGG:Cr, LGG:Cr, and YGG:Cr, respectively, that are calcined at 1000,
1300, 1400, and 1500 °C temperatures. It is seen in the figures that all
samples calcined at 1000 °C temperature consist of small submicron plate-
like particles with a high level of agglomeration. Raising the calcination
temperature yields the formation of larger particles and reveals the crystal
shape of phosphor particles. Figures 1.8-1.10 (d) show that for 1400 °C

annealing temperature micron range crystallites are formed.

Pellets

The YGG:Cr 8.7 mol% phosphor pellets as the powder samples were of white
colour with a greenish hue being more pronounced for higher annealing
temperatures. The XRD pattern was very similar to that of the powder
samples and confirmed the garnet phase. The SEM images of the pellets
calcined at 1200 and 1400 °C are presented in Fig. 1.12. As in the case
of powder samples it is seen that the size and crystallinity of the particles

increases with the calcination temperature.

35



M GSGG (ICDD) 04-006-8283] " ' T "

GSGG Cr 8 1000
ICDD # 04-006-8283

. M L 1 M
TH CuGG (ICDD) 04-006-4055] ' " T T '

LuGG Cr 8 1000
ICDD # 04-006-4055

YGG Cr 8 1000
ICDD # 04-009-8400

Intensity (arb. units)

GGG Cr 5 1000
ICDD # 04-009-5999

WM:L ooy A
T I"IVP'V hbartuid B "‘%‘-Yr b |

20/°

Figure 1.7: XRD patterns of Cr3* activated gallium garnets calcined at
1000 °C. Vertical lines represent standard data (ICDD).

36



SU70 5.0kV x2.50k SE(’L’)

SU70 5.0kV x2.50k SE(L)

SU70 1.0kV x5.00k SE(M) T M ' 10.0um

Figure 1.8: SEM images of GGG:Cr 5 mol% powder samples calcined at a)
1000 °C, b) 1300 °C, ¢) 1400 °C, and d) 1500 °C temperatures.
The scale step corresponds to 2 pm. Figures e) and f) show
the enlarged SEM images of GGG:Cr 5 mol% calcined at 1000
and 1400 °C, respectively. The scale step corresponds to 1 pm.
Figure f) was used for the front cover of Applied Optics 53(5),
(2014) [I1I].
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Figure 1.9: SEM images of GSGG:Cr 8 mol% powder samples calcined at
(a) 1000 °C, (b) 1300 °C, (c) 1400 °C, (d) 1500 °C temperatures.
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Figure 1.10: SEM images of LGG:Cr 3 mol% powder samples calcined at
(a) 1000 °C, (b) 1300 °C, (c) 1400 °C, (d) 1500 °C tempera-
tures.
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Figure 1.11: SEM images of YGG:Cr 8 mol% powder samples calcined at
(a) 1000 °C, (b) 1300 °C, (c) 1400 °C, (d) 1500 °C tempera-
tures.
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Figure 1.12: SEM images of YGG:Cr 8.7 mol% phosphor pellets calcined at
(a) 1200 °C and (b) 1400 °C [V].
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Figure 1.13: (a) Diffuse reflection spectra of GGG 5 mol% Cr3*, GSGG
8 mol% Cr?®t , LGG 3 mol% Cr3t, and YGG 8 mol% Cr37 cal-
cined at 1400 °C [III]; b) the diffuse reflection spectra of YGG
8.7 mol% Cr®* calcined at 1000-1400 °C temperatures [V].

1.3.2 PL properties of gallium garnets
Diffuse reflection spectra

Figure 1.13 (a) presents the diffuse reflection spectra of GGG:Cr 5 mol%,
GSGG:Cr 8 mol%, YGG:Cr 8 mol%, and LGG:Cr 3 mol% calcined at
1400 °C [ITI]. The spectra were measured from 320 nm due to the glass cover
which absorbs UV radiation and makes the measurements in the spectral
region below 300 nm irrelevant. The spectra reveal a relatively high reflec-
tivity of the samples in the region from 340 up to 800 nm which is above
50%, therefore, the samples weakly absorb light in the visible spectral re-
gion. However, a strong absorption is observed in the UV region below
340 nm which is enhanced by the glass cover absorption. Two reflection
minima are observed around 450 nm and 630 nm for all samples except for
the LGG, which has a less pronounced minima in the red region. These two
bands occur due to the Ay = 4T and Ay — 4T transitions, respectively,
that are typical for Cr®* ions in octahedral crystal field [65].

Figure 1.13 (b) presents the diffuse reflection spectra of YGG:Cr
8.7 mol% calcined at 1000, 1100, 1200, 1300, and 1400 °C temperatures [V].
If compared to the powder samples, the pellets are characterized by a lower
absorption due to the higher density of the material. The diffuse reflection
spectra reveal that at 1000 °C calcination temperature the absorption in
the blue and red regions is not well pronounced. This is probably due to
the residual concentrations of the impurities and lower crystal quality of the
materials, since for higher calcination temperatures the absorption in the
blue and red spectral regions increases. Due to the solid nature of pellets,
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Figure 1.14: PLE (Ajy, = 730 nm) of GGG:Cr 5 mol% calcined at 1000 °C
and PL (Aeze = 460 nm) spectra of (a) GGG:Cr and (b)
GGG:Ce,Cr calcined at 1000 °C temperature and doped with
different amounts of Cr and Ce [IV].

the glass cover during the diffuse reflection measurements was unnecessary,
therefore, the absorption band in the UV region of the spectra is ascribed
to the optical absorption edge of the host lattice [65].

Luminescence spectra and the optimization of garnets

Figure 1.14 presents the PLE spectrum of GGG:Cr 5 mol% calcined at
1000 °C as well as PL spectra of, (a) GGG:Cr and (b) GGG:Cr,Ce calcined
at 1000 °C and doped with 0.25, 0.5, 1, 3, 5, and 10 mol% of Cr and Cr,Ce,
respectively. PLE in the blue (A, = 450 nm) and red (A, = 630 nm) regions
is caused by the Ay = 4T and A, — Ty transitions respectively, as are
the absorption bands observed in the diffuse reflection spectra. The PLE
spectrum also contains a band in the yellow region (A, = 550 nm) which
diminishes for the samples calcined at higher temperatures and is, therefore,
attributed to some sort of impurities or defects. The broad PL band of both
sets of the samples in the far-red region (A\peqar = 720 nm) is caused by the
4Ty — 1A, transition of Cr®* ions. The figures reveal that Ce®* ions cause
a srong quenching of Cr3* ions PL. The PL band of Ce?* ions was not
observed due to the red-pass filter used during the PL. measurements.

The decreased PL efficiency caused by the codoping of Ce®* ions to
the material is also observed in the optimization tab. 1.1, where the mea-
sured internal QE values of various gallium garnets doped with different
concentrations of activators and calcined at 1000 °C are presented.

The optimization tab. 1.1, presents that in the most cases QE increases
with the activator concentration due to the fact that activators create radia-
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Table 1.1: Optimization table of gallium garnets calcined at 1000 °C. The
materials in the same host group exhibiting the highest PL QE
values were chosen for further investigation (marked in bold) Pa-

per III.
. QE,% Alum:

Phosphor Doping Aovo — 445 nm m
1 mol% 2.6

GGG:Ce,Cr 3 mol% 3.6 718
5 mol% 1.4
3 mol% 7.4

GGG:Cr 5 mol% 8 718
8 mol% 5

3 mol% 0.6 720

GSGG:Cr 5 mol% 1.3 734

8 mol% 1.6 737
3 mol% 13

YGG:Cr 5 mol% 12 711
8 mol% 18
3 mol% 11

LGG:Cr 5 mol% 6.5 706
8 mol% 3.6

tive recombination centres. However, at some point the activator concentra-
tion reaches the critical value and concentration quenching takes place which
is caused by energy transfer between activator ions and leads to the increase
of the non-radiative transition probability [61]. Table 1.1 presents that for
GGG:Cr and LGG:Cr the quenching effect arises above 5 and 3 mol%, re-
spectively. Later research has shown that for GSGG:Cr and YGG:Cr this
effect takes place above 8 mol% Cr(III) concentration [66]. Materials within
the same phosphor host group having the highest QE values (marked in bold
in table 1.1) were investigated in the further research.

PLE and PL spectra of chromium doped gallium garnet powders cal-
cined at 1000, 1300, 1400, and 1500 °C temperatures are presented in
Fig. 1.15. Subfigs. (a), (b), (c), and (d) present GGG:Cr 5 mol%, GSGG:Cr
8 mol%, YGG:Cr 8 mol%, and LGG:Cr 3 mol%, respectively. PLE spectra,
presented as dashed lines with open symbols, of all samples consist of two
bands in the blue (around 450 nm) and red (around 620 nm) regions caused
by the Ay = 4T, and *A, — 4Ty transitions, respectively. The exact peak
wavelength values of PLE are given in the characterization tab. 1.2. As
Fig. 1.15 shows, the intensity of PLE increases with the calcination temper-
ature, this can be explained by the increased crystallinity or particle size
of powder samples for higher annealing temperatures as was observed in
figs. 1.8 — 1.10.
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Figure 1.15: PLE (dashed line, open symbols) and PL (line, solid symbols)
spectra of gallium garnets calcined at different temperatures:
(a) GGG:Cr 5 mol%; (b) GSGG:Cr 8 mol%; (¢) YGG:Cr
8 mol%; (d) LGG:Cr 3 mol%. The PL was measured upon
450 nm excitation; PLE was recorded at Ay, = 720,758,710
and 705 nm for (a), (b), (c), and (d), respectively.

Figure 1.15 also demonstrates that upon 450 nm excitation the samples
are characterized by a broad PL band in the far-red region with the peak
wavelength values around 718, 756, 710 and 705 nm for GGG:Cr, GSGG:Cr,
YGG:Cr, and LGG:Cr, respectively. The exact values are given in the
gallium garnets characterization table 1.2 [ITI]. This broad PL band in a
far-red region is attributed to the 4Ty — 4A, transition in Cr®t ions. The
reason for different peak wavelengths of gallium garnets is the differences of
crystal field strength as discussed in subsec. 1.1.3. The crystal field strength
is the highest in LGG:Cr and gradually decreases for YGG:Cr, GGG:Cr, and
GSGG:Cr [48, 57]. As it is seen in Fig. 1.1 the distance between 4Ty and
1A, energy levels increases with the crystal field strength, and, therefore,
the PL peak wavelength gradually increases from LGG:Cr to GSGG:Cr.
Moreover, due to the weaker coupling between ?Ey and 4Ty energy levels in
the materials of a larger crystal field, sharp zero-phonon line caused by the
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Figure 1.16: (a) PL spectra of GGG 5 mol% Cr3*t, GSGG 8 mol% Cr?t,
LGG 3 mol% Cr*t, YGG 8 mol% Cr?*, and pure GGG at
1000 °C in a logarithmic scale upon 450 nm excitation [III];
(b) The PL spectra of GGG 5 mol% Cr3*, calcined at 1400
and 1500 °C and the excitation light spectra in the integrating
sphere [IIT].

2Ey — %A, transition can be resolved for YGG:Cr and LGG:Cr [67, 56)].

The PLE and PL spectra of YGG:Cr 8.7 mol% pellets were very similar
to those of the powder samples shown in Fig. 1.15 (c).

Figure 1.16 (a) from Paper ITI demonstrates the PL spectra of Cr(III)
doped gallium garnets and pure GGG upon 450 nm excitation in the log-
arithmic scale. A weak luminescence in the 400-600 nm region clearly ob-
served in fig 1.16 is the most pronounced for the undoped GGG sample.
Moreover, as Fig. 1.15 shows, it diminishes with the calcination temper-
atures and is thus attributed to various defects or impurities in the host
material [67].

Values of internal quantum efficiency

The internal QE values of phosphor powders for 1300-1500 °C calcination
temperatures are presented in tab. 1.2. The highest QE values are 30, 21,
20 and 46% for GGG:Cr 5 mol%, GSGG:Cr 8 mol%, LGG:Cr 3 mol% cal-
cined at 1400 °C and YGG:Cr 8 mol% calcined at 1300 °C, respectively.
If compared to the QE values provided in the tab. 1.1 it is seen that the
PL efficiency increases for higher calcination temperatures. However, when
1500 °C temperature is reached the PL QE values decrease for GGG:Cr,
GSGG:Cr, and LGG:Cr, and for YGG:Cr it decreases even at 1400 °C cal-
cination temperature. The correlation mismatch between the PL intensity
and efficiency can be explained by the larger crystallite size of powders an-
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Table 1.2: PL properties of gallium garnets doped by different amounts of
Cr3t and calcined at 1300-1500 °C temperatures [ITI].

Host Doping r Calcination QE, Aium, Aewcs  Tis T2, 7
mol% Cr®t  temp., °C % nm nm ms ms
1300 24 718 446 0.15 44ps 0.59
GGG 5 1400 30 717 447 0.14 48pus 0.68
1500 28 716 447 0.14 73puns 0.76
1300 19 750 456 0.10 0.50 0.96
GSGG 8 1400 21 759 457 0.09 047 0.98
1500 19 756 448 0.09 0.73 0.99
1300 46 710 442 0.15 0.32 0.26
YGG 8 1400 33 711 443 0.10 0.27 0.31
1500 32 711 444 0.09 0.25 0.35
1300 19 706 438 0.21 0.74 0.26
LGG 3 1400 20 706 438 0.18 0.68 0.24
1500 17 705 437 0.21 0.63 0.44

nealed at higher temperatures, which increases the reabsorption. This is
illustrated in Fig. 1.16 (b) which shows the excitation light in the empty
integrating sphere (A configuration), labelled as LED, and spectra obtained
when the excitation light is focused to the GGG:Cr 1400 °C and GGG:Cr
1500 °C samples (C configuration) III. As it is seen phosphor PL is more
intense in the second case. However, the inset of Fig. 1.16 (b) shows that
the excitation light is absorbed stronger by the GGG:Cr 1500 °C sample
which leads to the lower QE values. The same effect was observed for other
gallium garnets, investigated in this work, as well as for YAG phosphor,
reported by others [68].

The QE values of YGG:Cr pellets were 23, 49, 53, 55 and 55% for calci-
nation temperatures of , 1000, 1100, 1200, 1300, and 1400 °C, respectively.
Probably the pressing of powder samples to pellets increase the crystallinity
of the material which yields a more efficient PL.

PL decay time measurements

The PL decay times were measured using a frequency domain method which
was described in subsec. 1.2.2. A typical frequency response of the mod-
ulation depth and phase shift for GGG:Cr 5 mol% calcined at 1500 °C is
shown in Fig. 1.17. The PL decay has shown a multi-exponential character
and was fitted by the following bi-exponential function:

I(t) = fexp(—t/m1) + (1 — f) exp(—t/72). (1.11)
The measured decay times 71 2 and the weight function f are presented
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Figure 1.17: Frequency dependence of the PL modulation depth (open cir-
cles), phase shift (solid circles) and bi-exponential fits (solid
lines) of GGG:Cr 5 mol% calcined at 1500 °C [II1].

in tab. 1.2. Table 1.2 shows that the first PL decay time components for
gallium garnet powders vary around 0.14-0.15, 0.09-0.10, 0.09-0.26 and
0.18-0.21 for GGG, GSGG, YGG and LGG powder phsophors, respectively.
These values agree well with the ones for crystalline and ceramic GGG,
GSGG, YGG samples [56, 49, 69] as well as for LGG powder prepared by
a co-precipitation method [70]. The weight parameter f indicates that the
first component is dominant for GGG and GSGG powders where Cr3* ions
experience a weaker crystal field. This leads to the conclusion that the first
decay component is due to the broad PL band in the far-red region which
is more pronounced in the materials exhibiting a weaker crystal field [48].
The second decay component ranges between 0.25-0.32 and 0.63-0.74 ms
for YGG and LGG, respectively, and is likely due to the narrow PL line
caused by the 2Ey = 4A, transition. For GSGG powder samples this decay
component is negligible, nevertheless it varies between 0.47 and 0.73 ms. As
for GGG powder, the second decay component is very short if compared to
the other samples and varies between 4.4 and 7.3 ps. Since its significance
is reduced with the calcination temperature, it could be related to lattice
defects or impurities which are eliminated for higher quality material.
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Figure 1.18: PL spectra of gallium garnet samples annealed at 1400 °C for
ambient temperatures of 0, 20, 40, 60, and 80 °C upon 445 nm
excitation [ITI].

1.3.3 Thermal properties of gallium garnets

Figure 1.18 presents the normalized PL spectra of powder samples calcined
at 1400 °C temperature at ambient temperatures of 0, 20, 40, 60, and 80 °C.
Here, due to the higher resolution of spectrometer, the effect of crystal field
is observed even more clearly than in Fig. 1.15, since the sharp lines are be
clearly distinguished in some of the spectra, in particular in that of LGG.
This occurs due to the strong crystal field in LGG. As it was discussed in
subsec. 1.1.3, for stronger crystal field 2Ey — %A, transition is dominant
and, therefore, sharp lines are observed in PL spectra. Since the crystal
field strength gradually decreases for YGG, GGG and GSGG, the intensity
of sharp lines also gradually decrease for these PL spectra, respectively.
The figure also shows that the intensity of sharp spectral lines lightly
decreases with the increasing ambient temperature. However, as Fig. 1.19
demonstrates, no thermal quenching is observed, since for higher ambient
temperatures the spectra become broader and the overall spectrally inte-
grated PL intensity linearly increases even for 90 °C ambient temperature.
This occurs due to the fact that for low temperatures the PL is dominated
by the 2Eo — A5 transition [71]. However, as the temperature is increased,
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Figure 1.19: Dependence of spectrally integrated PL intensity on ambient
temperature for samples annealed at 1400 °C [III].

the broad 4Ty — *A, transition takes place. This effect was also observed
for other garnet materials doped with Cr3* ions [49, 69, 71].

The absence of thermal quenching up to 90 °C is an important advan-
tage of the phosphors considered for the pcLED applications. In operation
the junction temperature of LEDs reaches more than 100 °C and transfers
part of the generated heat to a phosphor converter, thus causing a thermal
quenching. As a result, materials characterized by a high thermal quenching
temperature are desired for pcLED applications.

1.3.4 Characterization of far-red luminaire

Figure 1.20 presents the spectrum of the designed blue-far-red pcLED lu-
minaire. It is seen that the SPD consists of two spectral components in the
blue and far-red regions with the blue to far-red photon flux ratio of 4.6
which satisfies the requirements for phototropic and photomorphogenetic
needs of plants [39]. However, in order to fully meet the photophysiological
needs of plants the luminaire spectrum should be supplemented by a red
component between 620 and 680 nm which is necessary for the process of
photosynthesis and photomorphogenesis [28].

Table 1.3 gives the spectral properties of the luminaire for 350 mA
driving current. The photon flux was calculated integrating the spectrum
in the ranges of 400-520 nm and 650-850 nm for blue and red components,
respectively. The efficiency of the converter was found to be 35% which is
a satisfactory value taking into account that the internal QE of YGG:Cr
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Figure 1.20: Emission spectrum of the blue—far-red pcLED lamp for agri-
culture. The inset shows the same spectrum in a logarithmic
scale. The spectrum consists of two components in the blue
and far-red regions that can satisfy phototropic and photomor-
phogenetic needs of plants [V].

8 mol% 1300 °C is 46%.

Table 1.3: Spectral properties of the designed blue—far-red pcLED luminaire
for 350 mA driving current [V].

Condition Component Photon flux
Lamp covered by a lens Blue 2.21 pmol/s
Lamp covered by a converter  Blue 0.64 nmol/s
Lamp covered by a converter  Far-red 0.14 pmol/s
Lamp covered by a converter ~ Sum 0.78 nmol/s
The efficiency of the converter 35%

1.4 Summary

During this part of work gadolinium, gadolinium scandium, yttrium and
lutetium gallium garnets doped with various concentrations of Cr3* and
calcined at different temperatures were investigated. The PL measurements
of GGG:Ce,Cr has shown that Ce causes the quenching of PL in a far-red
spectral region, for this reason, the samples were further doped only with
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Cr3T ions. Gallium garnets with chromium ions occupying the octahedral
site have shown a broad PL band in the far-red spectral region between 700
and 760 nm. The PL bandwidth was different for each garnet due to the
effects of crystal field which influences the dominant transitions. As a result
the widest PL spectrum was observed for GSGG:Cr where mostly 4Ty —
4A, transition takes place. The narrowest lines were clearly observed for
LGG:Cr, where the 2Ey — *A, transition is dominant.

All garnets have shown no thermal quenching up to 90 °C and were
characterized by the increasing overall PL intensity integral with ambient
temperature. This is explained by the increasing domination of 4Ty — A4
transition over 2Ey — %A, for higher temperatures.

YGG:Cr, 8 mol% calcined at 1300 °C was characterized by the highest
QE which is 46% and, for this reason, was chosen for the production of the
far-red pcLED luminaire prototype. The SPD of the designed prototype
consisted of two spectral components in the blue and far-red regions with a
blue to far-red photon flux ratio of 4.6. As a result, the far-red luminaire
was declared as a light source meeting the photophysiological processes of
plants and suitable for the application in greenhouses.
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2 Phosphor converted
light-emitting diodes with low
circadian action for outdoor
lighting

This chapter is devoted to the mesopic solid state sources of light which
are to be used for outdoor lighting. The chapter starts with the introduc-
tion to the visual and non-visual effects of light to human following with
the description of the experimental part as well as the modelling and de-
sign of photobiologically friendly mesopic solid state light sources. In the
end the characterization of the firelight pcLED luminaire prototype is pre-
sented. The term firelight is defined as the light that has a low CCT (<
2500 K) with the chromaticity that is similar to that of a black body radi-
ation [VI,VII]. The results provided in this chapter are based on Paper II
as well as Patent VI and Patent appl. VII.

2.1 Literature review

This section provides the reader with the knowledge necessary for under-
standing human vision during the daylight, in the evening and at night. It
also presents the basics of colour science and introduces the main quantities
used for the evaluation of colour rendering parameters of light sources. In
the last subsection the reader is acquainted with the non-visual effect of
light and a concept of circadian action factor.

2.1.1 Efficiency of light-emitting diodes

For the optimization of a light source it is very important to take into
account its efficiency which depends on the SPD as well as on other pa-
rameters, such like the internal QE, light extraction, the contact resistance
and even the manufacture cost. The rapidly developing LED technologies
cause the constant increase of the mentioned parameters [1]. For this reason
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during this research the efficiency of LEDs was evaluated by taking into ac-
count only the SPD and is described as the ratio of light (®,) and radiance
(®.) fluxes and is called the luminous efficacy of radiation (LER) K:

780
k= B0 g Jan VOOSNAA
o, 12 5(A)dA

(2.1)

where S(A) is the SPD of an LED, A is the wavelength, V() is the spectral
luminous efficiency function for photopic vision defined by the International
Commission on Illumination (fr — Commission internationale de l’éclairage,
CIE) in 1924 [72], Kj is the maximum possible value of luminous efficacy,
which for photopic vision equals 683 lm/W [73]. Photopic vision is typical
for a daylight environment, i.e. when the average (adaptation) luminance is
above 10 cd/m?. Under such conditions the sense of vision is dominated by
three types of photoreceptors in the eye retina (cones), thus the photopic
vision is chromatic. At night, when the value of adaptation luminance is
below 0.01 cd/m?, the sense of vision is caused by one type of photorecep-
tors (rods), therefore under the conditions of low luminance humans lose the
ability to distinguish colours. In this case the eye sensitivity function is de-
scribed by the spectral luminous efficiency function of scotopic vision V’()),
which was defined by the CIE in 1951 [74]. The maximum possible value
of luminous efficacy for scotopic vision is 1700 lm/W [73]. The luminous
efficiency functions are dimensionless and usually normalized to 1 or 100%.
However, if they are multiplied by the luminous efficacy, they get lm/W
dimension and are called the luminous efficacy functions. The spectral lu-
minous efficacy functions for photopic and scotopic vision are presented in
Fig. 2.1.

In the early morning or late evening when the adaptation luminance is in
a so called mesopic region and varies between 0.01 and 10 c¢d/m? the sense of
vision is determined by both cones and rods, the discrimination of colours
is reduced, and the eye sensitivity is described by the mesopic spectral
luminous efficiency function V,,es(A) which depends on the luminance of the
environment. The dependence of the spectral sensitivity of mesopic vision
on adaptation luminance is complex and is described by various models. In
this work the photometric system MES-2 recommended by the CIE [75] is
referred. According to this system, the spectral luminous efficiency function
is defined as:

Vines(A) = M~ (m)[mV (X) + (1 = m)V'(M)], (2.2)
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Figure 2.1: Solid, dashed, dotted, and dash-dotted thin lines: photopic, sco-
topic, and mesopic (for two mesopic adaptation luminances of
0.3, and 2 cd/m?) luminous efficacy functions, respectively [75];
solid bold line, Gall’s circadian action efficacy function normal-
ized to 1817 (bio)lm/W [76] [IT].

where M (m) is the normalization function and m is the multiplier that
depends on the luminance of the environment. In the case of mesopic vision,
LER is estimated as:
780
T Vines(VS(A)dA
Kines = Kmeso X 0 ) (2'3)

where the maximum possible mesopic luminous efficacy K50 depends on
the luminance of the environment and varies from 1700 lm/W to 683 lm/W.

2.1.2 Chromatic parameters of light sources

It is well known that white sources of light can be described by number of
properties, e.g. light can be of different chromaticity (red, yellow, purple,
etc.), white light may be perceived as having different temperature, i.e. cool
or warm, moreover it may saturate, dull or distort the colours of illuminated
objects. However, it is not enough to describe the light sources only using
the subjective terms above. In order to define white light and be able to
quantitatively compare the visual and non-visual effects of different light
sources it is of importance to determine the parameters characterizing the
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chromaticity, colour temperature and colour quality of light. Further in this
section a brief acquaintance with the most widely used parameters defining
the light-sources is provided.

Chromaticity coordinates

Usually, the sources of white light used for the general lighting are defined as
the light sources having SPDs with correlated colour temperatures (CCT)
above 2500 K [7] and chromaticity that does not deviate from the black-
body radiation (Planckian locus) more than Duv = £0.006 [77]. However,
prior the determination of CCT and other parameters, the chromaticity of
a light source SPD has to be calculated. The first step in determining the
chromaticity is to find the tristimulus X, Y, Z values:

780
X = k / TSN,

380
780

Y = k/yj(/\)S()\)d)\, (2.4)

380
780

7 = k/z()\)S()\)dA,

380

here, k is the normalization multiplier, Z(A), y(A), and Z(\) are the stan-
dard colour matching functions which approximately correspond to the eye
sensitivity curves of the red, green and blue cones, respectively [5], and can
be found in the literature [4, 78], and S(\) is the SPD of a light source.
The tristimulus values X, Y, and Z correspond to colours lightness (light
or dark), hue (red, orange, yellow, green, blue or purple), and saturation
(pink-red, pastel-fluorescent, pastel blue-deep blue), respectively [44]. Af-
terwards the chromaticity coordinates can be calculated using the formulae
bellow:

X

X+Y+2’
Y

X+Y+2’
VA

S —
X+Y+Z TTY

As eq. 2.5 shows the z coordinate is linearly dependent, for this rea-
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son the chromaticity can be described by two coordinates (z,y) in a two-
dimensional Cartesian coordinate system. The most widely used colour
space diagram CIE 1931 is presented in Fig. 2.2. As it is seen, the diagram

0.94
0.81
0.71

0.64
5001
0.5
y o
0.4

A 620
0.31

00 0.1 02 03 04 05 0.6 07 08

X

Figure 2.2: CIE 1931 chromaticity diagram. Bold line represents the Planck-
ian locus with white points indicating the colour temperature
of a black-body. Blue digits show the peak wavelength of a
monochromatic light.

is composed of a horseshoe shaped monochromatic colour curve and a purple
boundary [5]. The area covered by the diagram comprises the xy chromatic-
ity coordinates of all real colours. A bold line in the figure is the Planckian
or black-body locus which represents the chromaticities of blackbodies hav-
ing different colour temperatures [44]. Although widely used, CIE 1931
chromaticity diagram has its drawbacks e.g. it is subjectively non-linear
and non-uniform, since the subjects tend to distinguish less colours in the
green region (the upper part of the diagram) than in the red (the lower right
part) or the blue (the lower left part) ones, moreover, the colour differences
even between two close points are very spatially non-uniform which causes
a more rapid colour change in one direction than in another [79]. This was
partly solved in 1960 when CIE has transformed the axes and created a
Uniform chromaticity scale (UCS) where the non-uniformity was strongly
reduced, although not eliminated [4]. In the UCS diagram the colour differ-
ence between two different points is directly proportional to the geometrical
distance between those points [5]. The coordinates of this new system were
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named uv and can be calculated from the following equations:

4X 4x
u = =
X+15Y +3Z 2+ 12y+3’ (2.6)
6Y 6y '
v

TX115Y £3Z —22+12y+3

Duv and the correlated colour temperature

The colour coordinates of common light sources seldom exactly match the
Planckian locus and usually there exists some offset; for this reason the test
light source is described by correlated colour temperature. The CCT of the
test light source cannot be calculated using graphical methods due to the
non-uniformity of CIE 1931 colour space. As a result, the isothermal lines
are introduced which cross the Planckian locus and indicate the geometrical
spot of chromaticity coordinates having the same CCT [4]. The equation
for the isothermal lines is as follows:

(y —yr) = tr(z — 27), (2.7)

here xp and yr are the coordinates of the intersection of Planckian locus
and an isothermal line, and t7 is its inclination. The quantities zp, yr, tp
are tabulated in the literature [80].

The distance between the Planckian locus and colour coordinates of the
test light source is called Duv and it tells how much does the test light source
deviate from the black-body radiation. Dww is calculated as a geometrical
distance between two points in a uv coordinate system:

Duv = \/(u_uref)2+(v_vref)27 (28)

here v and v are the coordinates of a test light source, and ..y and v,cs
are the chromaticity coordinates of the black-body having the same colour
temperature as the test light-source. In order to obtain a more precise value
of Duv more complex triangular or parabolic methods can be applied [81].

Colour rendering index

Due to the differences of SPDs, light sources of similar chromaticity as well
as exact CCT values, can have different colour rendering properties, e.g.
they can be described by high fidelity, colour saturation, dulling or distor-
tion. Different shape SPDs that are characterized by the same chromaticity
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coordinates are called metamers. Different metamers can be distinguished
by using parameters defining the colour rendering properties of the light
sources. In 1965 CIE introduced the colour rendering index (CRI) R, which
quantitatively describes the ability of a light source to perceive real colours
of different objects. During the R, evaluating procedure, which was im-
proved in 1995 [10] 8 or 14 test colour samples taken from Munsell palette
are illuminated with a reference source (e.g. CIE A) which afterwards is
switched by the test light source. The data for each colour sample is anal-
ysed and colour shifts for each sample are calculated. Then, the colour
rendition indices are determined for each sample, and their mean value is
called the general colour rendering index — R, [4]. The maximum value of
R, is 100 and it is attained by incandescent or halogen lamps as well as CIE
standard illuminants. However, the procedure described above is only valid
for photopic conditions as in the mesopic region the ability to discriminate
colours is reduced and, as a result, the mesopic general CRI is expressed as
follows:

Ra,mes =100 — V(Lmes)(loo - Ra)a (29)

here v(Lmes) is the colour shift rescaling factor which depends on the adap-
tation luminance Ly,s [73].

However, a small amount of colour samples and the lack of ability to
distinguish the colour distortions of different types causes a wide critique to-
wards general CRI. Moreover, due to narrow components comprising SPDs
of solid state light sources it is especially not suitable for the evaluation
of LEDs. In 2007, the CIE concluded that “the CIE CRI is generally not
applicable to predict the colour rendering rank order of a set of light sources
when white LED sources are involved in this set” [82]. Nevertheless, due
to the simplicity of CRI, it is still widely used in everyday situations, es-
pecially in business. For this reason, and since the ability to discriminate
colours is reduced under mesopic conditions, the general CRI was chosen as
a suitable colour rendering parameter for the outdoor mesopic pcLED with
a non-complex SPD consisting of only two spectral components described

in this work.

2.1.3 Circadian rhythm of human

For the several past years LEDs drew lots off negative attention and were
widely criticized due to the blue-enriched SPDs that cause the disruption
of a human circadian rhythm [20, 83]. The light and circadian rhythm
connection was known already in the past century. However, it was proven
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Figure 2.3: A visual path from the receptors in the eye via the optic nerve
to the visual cortex in human brain (green), and a retinohy-
phothalamic tract (RHT) from the ganglion cells in the eye via
the suprachiasmatic nucleus (SCN), superior cervical ganglion
in the spinal cord, back to the SCN and to the pineal gland
(blue). Images composing the figure are from [85].

only in the year 2001, when Brainard and Thapan have shown that the
ganglion cells in the eye retina together with a supraciasmatic nucleus (SCN)
and pineal gland in human brain make a non-visual tract that controls the
circadian rhythm [17, 18]. This non-visual path is explained and compared
to a visual path in Fig. 2.3. The green line presents the visual path from the
receptors in the eye via the optic nerve to the visual cortex in human brain.
The blue line depicts the non-visual path, the so called retinohypothalamic
tract (RHT). Firstly the blue light is detected by ganglion cells in human
retina and the signal is sent to the SCN where it is processed, sent to the
spinal cord and comes back to the SCN. Afterwards, the signal is sent to
the pineal gland which then suppresses the secretion of sleep hormone and
oncostatic agent melatonin [84]. For this reason, in the morning or during
the daytime people feel active and energetic whereas in the evening, after
the sunset they feel sleepy. It is proven that the disruption of circadian
rhythm can cause various health problems such like insomnia, depression
or even cancer [20, 19]; therefore, it is of importance to ensure a healthy

evening outdoor lighting characterized by a low non-visual effect.

The impact of blue light for humans can be evaluated by calculating
the non-visual effect of light. The ganglion cells that are responsible for
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the circadian action of light are characterized by a spectral sensitivity in
a similar way as the visual receptors. This spectral sensitivity is described
by the circadian efficiency function C(\). K. C(\) is presented in Fig. 2.1
which demonstrates that the peak of this function is at about 460 nm, thus
the circadian rhythm is mostly affected by the blue light [76]. The circadian
efficacy of radiation (CER) K. is expressed as:

el C(V)S(A)dA

Kc - Kc )
O S()dA

(2.10)
Under mesopic conditions that are typical for artificial outdoor lighting, the
non-visual circadian action of a light source is evaluated by calculating the
mesopic circadian action factor (CAF) acmes [73]. This factor is defined

as the ratio of the non-visual circadian efficacy of radiation to the mesopic
LER:

K. Koo fy CA)S(N)AX (2.11)
Gcmes = = ) .
Kmes  Kumeso famy Vines(\)S(A)dA

It should be noted that K. is set to 1817 (bio)lm/W, which is such
that a. is dimensionless and equals unity for the CIE standard illuminant A
(2856 K blackbody radiation) at photopic conditions. The value of CAF is
suitable for the comparison of the non-visual circadian action of different
light sources. For lighting in the evening, as low as possible C),.s values are
desired since, in this case, a higher luminous and a lower circadian efficacies
are required. The previous theoretical study has shown that a dichromatic
light source with a short wavelength component peaking in the range from
440 to 460 nm and with a long wavelength component peaking between 570
and 600 nm is characterized by a minimum CAF value [73].

2.2 Experimental methods

This part presents the commercial and in scientific papers described phos-
phors that were used for the pcLED SPD modelling. It also describes the
experimental set-up for phosphor PL measurements. Afterwards it intro-
duces the method for modelling the pcLED SPDs employing the colour
mixing equations. In the end of this section the design process of two fire-
light pcLED prototypes is presented.
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2.2.1 Model SPDs of photobiologically friendly pcLEDs

The main guidelines for the development of outdoor solid state sources of
light with low CAF were made following the results of optimization pre-

sented in [73] and are as follows:

1. the SPD must have as low as possible CCT and must contain only

two components;

2. the short-wavelength component is to be peaked in the range around
440 nm, and the complementary long-wavelength component is to be
peaked in the orange range of the spectrum (such a selection of com-
ponent peak wavelengths ensures the lowest mesopic CAF due to a low
partial power of the short-wavelength component and a high mesopic
LER of the compound SPD);

3. for outdoor lighting, the reduced photopic general CRI of such
two-component SPDs can be tolerated due to the reduced colour-
discrimination ability of human vision at mesopic adaptation lumi-

nances.

These guidelines, ensure the feasibility of low-CAF pcLEDs based on the
technology of partial conversion of deep-blue emission generated in InGaN

semiconductor chips within appropriate phosphors.

Phosphors used for the modelling

Theoretical mesopic photobiologically friendly pcLED SPDs were mod-
elled using PL spectra of commercial garnet (BYW10A, HTY550,
HTY560), nitride (HTR620), orthosilicate (BUVOR02, BUVY03, 05446,
06040), and chalcogenide (BUVY02) phosphors (PhosphorTech and In-
tematiz) as well as of phosphors published in scientific papers: silicate
(Ba,Sr)2Si04:Eu?t [86], nitridosilicate (Ba,Sr)2SisNg:Eu?t [87], chalco-
genide (Ca,Sr)S:Eu?* [88], oxonitridosilicate Ca—a~SiAION:Eu?* [89], and
garnet Y3_,MgsAlSioO10:Ce3t (YMASG) doped with different Ce3*t con-
centrations (x = 0.015;0.03;0.045; 0.06 - YMASG1-YMASGA4, respectively)
synthesized by the scientists of Vilnius and Minster Universities [60]. The
EL spectrum of Philips Lumileds Rebel Royal Blue LED (peak wavelength
444 nm) was used as a blue component for model SPDs.
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Figure 2.4: Experimental set up for the measurements of PL spectra.

Measurement of PL spectra

The PL spectra measurement scheme is presented in Fig. 2.4. The excitation
light emitted by the blue LED passes the blue-pass filter 2 (cutoff 500 nm)
and is focused by the convex lens 3 to the sample 4. The PL signal is
collected by a convex lens 5 and focused to a fibre 6 which transmits the

signal to the spectrometer.

Modeling of LED SPDs

The modelling of mesopic pcLED SPDs was performed using GNU Octave
software. Firstly, the zy chromaticity coordinates of the blue LED EL and
phosphor PL were calculated using the colour mixing equations 2.4 and 2.5.
The zy chromaticity coordinates were used to determine the relative powers
of the blue LED EL, and the long wavelength phosphor PL components
required to get white light SPDs, characterized by Duv values between -
0.006 and 0.006 [77]. The parameters (LER, CAF, general CRI) for the
resulting SPDs were calculated for two mesopic adaptation luminance levels
L; = 0.3 cd/m? and Ly = 2 cd/m? that correspond to the illumination
requirements for a low-class and high-class road, respectively.

2.2.2 Production of the mesopic firelight pcLED prototype

The detailed description of the prototype is disclosed in Patent VI and
Patent App. VII. The schematic drawing and the picture of the proto-
type are presented in Fig. 2.5 (a) and (b), respectively. The blue LED
chip (1) (peak wavelength 455 nm) grown on the sapphire substrate (2) by
the MOCVD method at Vilnius University Institute of Applied Research
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Table 2.1: Characteristics of blue-to-orange light converters used for the
MesoLED prototype.

Phosphor 05446 BUVORO02 YMASG
Phosphor concentration
in the converter

The thickness of the converter 0.5 mm 1.5 mm 2 mm

21 wt% 21 wt% 19 wt%

(the growth technology and the parameters of the LED are described in
Ref. [90]) was placed on a quartz prism (3) and driven by 6.24 V voltage
and 20 mA current. The metal terminals (4) were connected via sharp
wires (5) using an optical microscope. The emitted blue light (6) was bent
by 90 ° towards the light converter (7) containing orange phosphor particles
(8). Most of the photons were absorbed by the phosphor particles and con-
verted to orange light (9). The remaining blue light (10) was diffused by the
converter and mixed with the orange PL. The resulting firelight was reg-
istered with Awvantes spectrometer. Three phosphor converters were made
of three different phosphors — garnet YMASG [60] as well as orthosilicates
BUVORO02 (PhosphorTech) and 05446 (Intematiz) mixed with neutral sil-
icone (Macroflex). The parameters of phosphor converters are presented in
table 2.1. Due to a short lifetime of the lab-grown blue LED, the efficiency
of converters could not be evaluated.

@,

4

N

/;
/10
/

9

Figure 2.5: (a) Schematic drawing of the mesopic firelight pcLED prototype;
(b) picture of a firelight pcLED prototype grown in Vilnius uni-
versity Institute of Applied research. The remote phosphor pre-
sented in figure consists of silicone and orthosilicate phosphor.
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Table 2.2: Characteristics of blue-to-orange light converters used for the sec-
ond firelight LED prototype.

Phosphor Concentration Thickness FEfficiency
Intematix 06040 15 wt% 1.2 mm 27%
Intematix 05446 20 wt% 0.6 mm 42%
PTech BUVORO02 35 wt% 1.2 mm 33%

The second set of firelight pcLED prototypes was made using commer-
cial Philips Lumileds Luxeon Z Royal blue LED (peak wavelength 450 nm)
as an excitation and a blue light source as well as 05446, 06040 and BU-
VORO02 phosphors for the generation of orange spectral components. A
detailed description of the luminaire design and optimization of the phos-
phor converter is presented in H. Dapkus bachelor thesis [91]. The drawing
of the prototype is given in Fig. 2.6. The optimized light converter made of
a phosphor and silicone mixture was cast in a PMMA mould no. 1. The blue
LED was fixed in a white cone shaped PVC foam reflector 2 drilled by the
milling machine, attached to a heatsink and covered by the phosphor con-
verter case. Picture No. 3 shows the photo of the working prototype which
is driven by 2.9 V and 1 A. The characteristics of the remote phosphor are
presented in table 2.2.

Figure 2.6: Drawing of the second firelight pcLED prototype made of com-
mercial blue LED and an orange silicate phosphor [91].

2.3 Results

This section presents the modelled SPDs of firelight pcLEDs, their xy coor-
dinates in the CIE 1931 chromaticity diagram, and photometric properties,
such as: LER, CCT, CRI and CAF. In the end of the section the SPDs
and spectral parameters of firelight pcLED prototypes are presented and
compared. For a better understanding, the SPDs of modelled SPDs and the
designed prototypes are compared to the conventional light sources, such as
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Figure 2.7: CIE 1931 diagrams showing the zy chromaticity coordinates of
a) the blue LED as well as the commercial and YMASG phos-
phors used for the modelling. The dashed lines represent the
confines of the possible zy coordinates of the resulting pcLEDs
b) the InGaN emitter, five phosphors from scientific papers
(symbols), and possible resulting pcLEDs (lines). Bold line rep-
resents the Planckian locus [IT].

commercial dichromatic cool and white pcLEDs, HPS lamp, as well as the
CIE standard illuminant A.

2.3.1 Modelling results

Figure 2.7 presents CIE 1931 chromaticity diagrams showing the zy co-
ordinates of the blue 444 nm InGaN LED as well as of a) YMASG and
commercial phosphors and b) phosphors described in scientific papers; that
were used for the modelling. The bold line represents the Planckian locus,
the dashed and the thin lines shows the possible chromaticities of the re-
sulting pcLED. It is clearly seen in CIE 1931 diagram that a wide gamut
of commercial phosphors was chosen. However, the results published in [73]
and the modelling of SPDs comprising commercial phosphor PL bands have
revealed that the SPDs of lower CCTs are characterized by smaller CAF val-
ues. For this reason, only phosphors exhibiting PL in the orange spectral
region were chosen from the scientific papers for further modelling.

Figure 2.8 presents some of the modelled SPDs of LEDs with mini-
mized CAF value. The SPDs presented on the left hand side were mod-
elled using PL bands of commercial phosphors and those on the right hand
side were modelled using PL bands of phosphors described in scientific pa-
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Figure 2.8: Some of the modelled SPDs of firelight LEDs with minimized
circadian action factor. a) PL bands of commercial phosphors;
b) PL bands of phosphors described in scientific papers; were
used for the long wave components [IT].

pers [II]. In order to make the figure more clear, similar shape SPDs con-
taining the PL bands of HTY550, BYWO01A as well as YMASG1, YMASG3
and YMASG4 phosphors were omitted in Fig. 2.8 a) and b) ,respectively.
These SPDs are of a very similar shape to SPDs labelled as HTY560 and
Y3 Mgy AlSinO49:Ce®T | respectively. Figure 2.8 shows that all SPDs consist
of two spectral components in the blue and orange regions where the blue
dominates for higher CCT values, and the orange for the lower ones. Fig. 2.8
a) and b) also demonstrate that Ce3t activated garnets exhibit the broadest
PL spectra thus yielding the highest R, values (see tab. 2.3) of the result-
ing LED SPDs, whereas the Eu?* doped chalcogenides are characterized by
the narrowest PL bands which are almost void in the range of 500 nm and
therefore are characterized by the lowest R, values.

Table 2.3 presents the spectral parameters of the modelled MesoLED
SPDs and common light sources such as dichromatic cool and warm white
LEDs, HPS lamp and CIE standard illuminant A. From left to right the
columns display the names of phosphors used, the CCT value, the limiting
radiant efficiency, ng, which accounts for the Stokes shift of phosphor pho-
toluminescence in respect to the primary blue emission [5, 92|, the mesopic
CAF, LER, and photopic general CRI (R,) as well as its mesopic equivalent
(Ra,mes) for two adaptation luminances (0.3 and 2 cd/m?). The CRI equiv-
alents were estimated with respect to [73] regarding the reduction of the
colour discrimination ability at decreased mesopic adaptation luminance as
is defined by equation 2.9.

Table 2.3 also shows that SPDs characterized by a high CCT (>
4500 K) have relatively high CAF values ranging from 1.481 to 2.03 for
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Table 2.3: Spectral parameters of pcLED SPDs for mesopic vision modelled
using PL spectra of commercial phosphors and YMASG phos-
phor. Here Lp > 10 cd/m?, Ly = 0.3 cd/m? and Ly = 2 cd/m?2.

Phosphor CCT, no CAF LER, CRI

K Im/W
L1 L2 L1 L2 LP Ll L2

Commercial phosphors

BUVY02 8735  0.87 1.824 2.030 403 363 33 83 66
HTY550 7284  0.84 1.715 1.970 385 335 66 91 83
BYWO01A 6185  0.84 1.546 1.737 387 344 64 91 82
BUVYO03 5391  0.83 1.387 1516 398 364 56 89 78
HTY560 5000 0.82 1.350 1.481 382 348 64 91 82
BUVORO02 2532  0.76  0.519 0.504 344 354 54 88 77
05446 2148  0.75 0.337 0.315 358 384 34 83 66
06040 1445  0.72 0.117 0.104 250 281 40 84 69
Y;Mg,AlSi, 0,5:Ce3t

YMASG1 2383  0.72 0.521 0.511 271 276 69 92 84
YMASG2¢ 2088  0.72 0.362 0.345 250 263 62 90 81
YMASG3 1876  0.70 0.270 0.251 222 239 59 89 79
YMASG4 1732 0.70 0.233 0216 206 223 61 90 80

Other phosphors [II].

(Ba,Sr),Si04:Eu®* 2542 0.75 0.531 0.516 343 353 55 88 77
Ca—a—SiAION:Eu®t 2425 0.76 0479 0462 35 369 53 88 76
(Ca,Sr)S:Eu’t 2101 0.77 0.308 0.283 404 439 16 78 57
(Ba,Sr),SisNg:Eu?+ 1704 0.73 0.186 0.169 298 329 39 84 69
Common light sources

Cool white LED 5000 0.82 1.171 1278 394 361 65 91 82
Warm white LED 3652 0.77 0.747 0772 377 365 62 90 80
HPS lamp 1886 - 0.313 0.290 319 344 12 77 55
CIE A 2856 - 0.856 0.911 170 160 100 100 100

“Ploted as Y3Mg,AlSi,015:Ce®T in Fig. 2.8 b).

Ly = 2 cd/m?2. For comparison, under the same luminance level the CAF of
CIE A standard illuminant is only 0.911. It is also observed that CAF values
of the proposed firelight SPDs are 1.6-4.2 times lower than that of the CIE
A illuminant. These results reveal the correlation of human physiology, psy-
chology and evolution, which is defined as Kruithof’s rule and claims that
the preferred CCT of a light source increases with luminance [93, 94]. It
is also observed in the table that due to the increased overlap of the or-
ange component with the mesopic luminous efficacy function (see Fig. 2.1)
the CAF of each firelight slightly decreases when the luminance increases.
Due to the void in the green region all firelight SPDs are characterized by
a relatively low general CRI which ranges between 16 and 69. However,
they satisfy the requirements for the street lighting applications since the
mesopic CRI equivalent for luminance Ls is in the range of 66—-84 and greatly
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surpasses the widely used HPS lamps (Rg mes = 55). LER values of firelight
sources vary between 206 and 439 Im/W and are slightly larger for SPDs
containing orange spectral components with a shorter wavelength. This is
explained by the larger overlap of a phosphor PL band and mesopic luminous
efficacy function (see Fig. 2.1). For higher mesopic adaptation luminance
the efficacy function shifts towards longer wavelengths, for this reason, the
LER of firelight SPDs slightly increases with luminance. The highest LER
value is achieved for the SPD modelled with (Ca,Sr)S:Eu?" phosphor PL
band and reaches 439 lm/W for L,. This SPD is also characterized by a
particularly small CAF ac mes = 0.283. However, its colour rendering ability
is poor as the Ry mes is only 57 for Ls. The most promising and versatile
phosphors for firelight sources are silicates, since they offer relatively high
LER (343-369 lm/W), small CAF (0.531-0.462) and reasonable mesopic
CRI (76-88) for L; and Lo, respectively. Despite of the lower LER, than
that of a common warm white pcLED (365-377 lm/W), the significantly
lower CAF values of the modelled SPDs give the advantage for firelight
sources in the outdoor applications where a part of efficacy can be traded
for photobiological safety and reduced light pollution, such as: pedestrian
and residential areas, parking lots, old-town and fine architecture locations

or parks.

———— 2,000 [
~[| — 05446 | [ | — 06040 ~ 1
W) L B
2| --- BUVOR02 (a) - ~ [ |- 05446 A (b) ;
S YMASG 2 1,500 BUVOR02 |/ \ -
ol 2 [ \ i
Sl 5
= 2
gr 81,000
o g
E \ g
f=1 N \, (=9 -

é [ \ & 500 .
0| Y \\
il P narefi A s 1 MLI/.\\.\ i . L "

400 500 600 700 400 500 600 700

Wavelength (nm) Wavelength (nm)

Figure 2.9: SPDs of the designed firelight prototypes. Phosphors were
excited by: a) an InGaN LED (Apeqr = 455 nm) grown at
VU TMI; b) a commercial Philips Lumileds Luxeon Z LED
(Apeak = 445 nm).

2.3.2 Characteristics of the designed luminary

The SPDs of prototypes containing the InGaN LED grown in the lab and
a commercial LED are seen in Fig. 2.9 a) and b), respectively. The figure
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Figure 2.10: CIE 1931 chromaticity diagrams showing the xy coordinates of
firelight pcLED prototypes SPDs. Phosphors were excited by
a) the InGaN LED (Apeqr = 455 nm) grown at VU TMI; b) a
commercial Philips Lumileds Luxeon Z LED (Apeqr, = 445 nm).

shows that the shapes of these SPDs are very similar to the modelled ones
and consist of an unpronounced blue and a dominant orange components.
Due to the relatively low efficiency of YMASG phosphor converter the signal
of this SPD is low and noisy. However, the signal to noise ratio varies
around 8-14% thus the general shape of the SPD remains unchanged and
its parameters are not influenced much. Figure 2.10 a) and b) depicts
CIE 1931 chromaticity diagrams showing the zy coordinates of the first
and second sets of the designed pcLED prototypes, respectively. It is seen
that all SPDs are characterized by a low CCT and are located very close
to the Planckian locus with D,, values of a) 0.0036, -0.0023, and -0.0108

Table 2.4: Spectral parameters of pcLED prototypes for mesopic vision
designed using lab-grown and commercial LEDs. Here Lp >
10 cd/m?, L1 = 0.3 cd/m? and Ly = 2 cd/m?.
Phosphor CCT, K 7o CAF LER, Im/W CRI CRle.s
L1 Lo L4 Lo Lp Ly Lo

Lab-grown LED

BUVORO02 3110 0.82 0.792 0.814 362 352 57 89 81
05446 2533 0.79 0.568 0.551 370 383 32 82 66
YMASG 2389 0.81 0.697 0.690 256 259 57 89 78
Commercial LED

BUVORO02 2585 0.77  0.600 0.596 336 338 61 90 80
05446 2100 0.77 0.367 0.345 348 373 34 83 66
06040 1345 0.73 0.223 0.199 229 257 34 83 66
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for BUVORO02, 05446, and YMASG, respectively and b) 0.0002, -0.0015,
and -0.0058 for BUVORO02, 05446, and 06040, respectively. The spectral
parameters of designed prototypes are presented in tab. 2.4. Although two
of the remote light converters were made of the same phosphors, the spectral
parameters of different sets of prototypes vary due to the differences of lab-
grown and commercial blue LEDs. As seen in Fig. 2.10 the lab-grown LED
is characterized by a higher dominant wavelength. For this reason the CCTs
of prototypes designed with this LED are higher. However, in both cases
the tendencies remain similar as for the modelled SPDs — the low CCT
prototypes are characterized by a low CAF, sufficient LER (if compared to
“Common light sources” in tab. 2.3) as well as a satisfactory CRI,,¢s.

2.4 Summary

During this part of work the SPDs of dichromatic blue-orange pcLEDs oper-
ating in the firelight range of CCTs (1700-2500 K) were modelled and their
photometric, photobiological, and colourimetric properties for mesopic con-
ditions were assessed. The proposed theoretical pcLEDs are characterized
by a low CAF and are advantageous in respect of common white pcLEDs for
the use in photobiologically safe low-luminance outdoor lighting. Moreover,
most of them have the mesopic equivalent of the general CRI comparable
to the general CRI of common LEDs under photopic conditions.

Afterwards, two sets of firelight pcLED prototypes, based on the mod-
elling results were designed. The first prototype, was designed using com-
mercial phosphors and the blue InGaN LED grown in the Vilnius University
Institute of Photonics and Nanotechnology, whereas for the second proto-
type a commercial blue InGaN LED was used as an excitation source. The
first firelight pcLED prototype was characterized by a slightly higher CCT,
CAF and LER due to the longer peak wavelength of the blue spectral compo-
nent. Nevertheless, both prototypes were characterized by low CAF values
(if compared to the common pcLEDs or CIE A standard illuminant) and
reasonable mesopic CRI.

The firelight pcLEDs can find application in many outdoor environ-
ments (e.g., in pedestrian and residential areas, old-town and fine architec-
ture locations, etc.), where a part of efficacy can be traded for photobiolog-
ical safety, reduced light pollution, visual comfort and illumination design

diversity.
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3 Phosphor converted
light-emitting diodes of
preferential colour properties

In this chapter the optimisation and modelling of pcLED SPDs with differ-
ent colour rendition properties: high fidelity, colour saturation, dulling and
preference are presented. The second part of this chapter is focused to a
pcLED characterized by colour preference (PrefLED) which has the ability
to perceive a more appealing look of the illuminated objects. The chapter
discusses the design process, characterization and a psychophysical valida-
tion of this particular light source. The information and results provided in
this chapter are based on Paper I, Patent VIII and Conf. Works IX.

3.1 Literature review

This sections gives a more comprehensive review on the colour science and
introduces a variety of metrics used for the evaluation of the colour rendi-
tion parameters of light sources with the emphasis on the advanced statis-
tical colour rendition evaluation approach. Afterwards the PL band shape
of different phosphors is discussed and the criteria for choosing a suitable

phosphor family for the modelling are presented.

3.1.1 Advanced colour rendition metric

As it was discussed in the previous chapter, the diversity of SPDs resulting
from the variety of solid-state light sources, caused the disruption of the
common colour quality and rendition ability evaluation metric CRI. The
simplest remedy for the disadvantages of CRI is to establish a two-metric
system which accounts not only for the light source ability to make colours
look realistic but also to make them appear “vivid” and easy to distinguish,
i.e. colour saturating [95]. A method that quantifies the ability of a light
source to render colours with high fidelity as well as discriminates colours
within a figure of merit is the Colour quality scale (CQS) [96]. The general
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CQS (Q,) is estimated using 15 test colour samples and is based on the
disregard of the colour saturating component in the colour shifts. The CQS
metric contains additional scales such as colour fidelity scale (Cf), gamut
area scale (Qy) and colour preference scale (()p), but nevertheless suffers
from a small number of test colour samples covering a small part of the
colour space and make the results dependent on the chosen sample set.

A more comprehensive approach to the assessment of colour rendition
parameters and quality of light sources is to analyse the shifts vectors of
the entire colour palette (e.g. for 1269 Munsell samples) and, depending
on the type of the colour distortion that occurs when the reference source
is switched by that under assessment, to sort the test samples to several
different groups [97]. This statistical method clearly distinguishes between
the different types of colour distortions. The computational sorting of the
colour shift vectors is based on the experimentally established just per-
ceived differences of chromaticity and luminance. Afterwards, the relative
numbers (percentages) of test colour samples exhibiting different types of
colour distortions are defined as statistical colour quality indices, which
include the Colour Fidelity Index (CFI, percentage of the test samples hav-
ing the colour shifts smaller than perceived chromaticity differences), the
Colour Saturation Index (CSI, percentage of the test samples having the
colour shift vectors with a perceivable increase in chromatic saturation),
the Coulor Dulling Index (CDI, percentage of the test samples having the
colour shift vectors with a perceivable decrease in chromatic saturation),
and the Hue Distortion Index (HDI, percentage of the test samples having
the colour shift vectors with perceivable distortion of hue). The SPDs of
light sources can be evaluated using the statistical method and compared
to CRI and CQS using an online tool [98].

The most recent and widely used colour rendition metrics is a two-
measure system having parameters Ry and R, that correspond to the colour
fidelity and gamut area, respectively [9] This metric that was proposed in
the year 2015 is based on 99 colour samples with colour space and spectral
uniformity that are taken from a real world environment. Although the Ry
R, metric has many advantages over CRI or CQS, it is not very suitable for
defining the preferred lighting since in some cases two different metameric
SPDs might have the exact Ry R4 values [99].
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It is of importance that the colour quality of illumination should not be
confined only by colour fidelity. In fact, it is widely known that the increased
colour saturation improves the colour discrimination ability and agrees with
the visual preference [100, 12]. For sophisticated objects such as artwork
even more complex colour rendition properties may be required [70].

3.1.2 Optimization of direct emission LEDs

The optimization of direct emission LED SPDs, consisting of distinct single-
band components (FWHM around 30 nm) and characterized by different
colour rendition properties measured by statistical colour rendition indices
CFI, CSI, and CDI, is described in [6, 101, 102], respectively. These re-
sults led to the construction of a Colour rendition engine — a tetrachromatic
(RAGB - red, amber, green and blue) LED cluster with the ability to con-
tinuously traverse all possible metameric SPDs including those with the
highest CFI, CSI, and CDI [15]. The highest values of the statistical in-
dices as well as the conditions of preference lighting have been validated
by the psychophysical experiment. The experiment has shown that most
of the subjects give preference for SPDs with the CSI to CFI ratio varying
between 0.3 and 3. This means that the direct emission LED cluster can be
used to obtain not only the hight fidelity SPDs, but also those character-
ized by colour dulling, colour saturation or preference. However, the colour
rendition engineering of SPDs composed of phosphor PL components is a
more complex problem due to the the large diversity of phosphor emission

spectra with different shapes, widths or even numbers of bands.

3.1.3 Selection of phosphor family for the model

One of the first attempts to determine the trade-off between the general
CRI and LER for Gaussian shape SPDs was performed by Thornton in 1971
when the phosphor blends of both high and low fidelity used for fluorescent
lamps were already known [103, 104]. The number and width of Gaussian
components composing pcLED SPD of ultimate colour rendition (CFI =
100%) were determined later [105]. However, a general approach to the
composition of practical phosphor blends for pcLEDs that emit light with
different colour rendition properties has not been established so far. Due
to a large diversity of phosphors considered for the application in solid-
state lighting technology [7, 31, 44, 106, 107, 108], the first step towards the
colour rendition engineering requires establishing model phosphor SPDs.
Such component SPDs should meet the following requirements:
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1. the SPDs should be related to a family of practical phosphors that
have peak wavelengths within the entire visible spectrum,;

2. the SPDs should be described with an appropriate accuracy by a single
analytical expression containing a small number of parameters (e.g.,

just the peak wavelength).

Once the general approaches were established for a particular model com-
ponent SPD, phosphors with SPDs that considerably differ from the model
ones could be considered.

Taking into account the above requirements, the search of model phos-
phors was restricted to those having a single emission band with a pre-
dictable width. Phosphors characterized by multiband SPDs due to the
spin-orbit split ground state (e.g. Ce**t phosphors with 5d — 4f transi-
tions [109]) or due to co-doping with several types of ions were not consid-
ered. Phosphors emitting due to shielded 4f — 4f transitions, which have
SPDs with multiple narrow-band structure (e.g., Eu?t, Sm3*, and Th3*
activated phosphors [53]) were also rejected.

The most appropriate and versatile model phosphor components for
the use in colour rendition engineered SPDs are phosphors that emit due
to 4£65d" — 4f7 transitions in Eu?" ions occupying similar sites within the
host lattice. Such phosphors have distinct single bands with the width that
on the wavelength scale has a tendency to increase with increasing peak
wavelength. Depending on the crystal field splitting of the 5d level, the
peaks of the spectral bands due to Eu?t emission are available within the
entire visible spectrum [110].

3.2 Experimental method

The experimental part of this chapter introduces the PL band model used for
the optimization process and presents it’s approval based on the comparison
to the real phosphor PL bands. Also, the design process of the solid state
luminaire of preferential colour rendition (PrefLED) is described and the
guidelines of the psychophysical experiment carried in order to validate the
PrefLED luminaire are given.

3.2.1 Choosing the suitable PL band model

There are several different methods that analytically describe the PL bands
of phosphors [103, 105, 111, 112]. The model employed in this work was
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determined by the authors of Paper I. This model describes a single PL band
belonging to the Eu?T doped phosphor family by Gaussian distribution in
the photon energy scale [113]:

Si(hv)dv = 24/In(2) /7 /W exp|—41n(2)(hv — hv;)? /W3 dv, (3.1)

here hy; is a photon energy at the peak value, W - the full width of the
spectrum at half maximum (FWHM) that depends on a phosphor matrix
and is expressed in energy units. In the wavelength scale, the equation 3.1
is expressed as:

Sid\ = k(A Aoi) 2 exp[—4In(2)R2A (A = A2 /WA, (3.2)

here \g; = ¢/v; (in the wavelength scale \; does not necessarily indicates
the peak value), and k — normalization multiplier that does not have an
analytical expression.

In order to develop a versatile model SPD a single value of energy
FWHM to a variety of single-band Eu?* phosphors described in litera-
ture and patents was attempted to apply. Figure 3.1 presents the de-
pendence of FWHM in nm on the PL peak wavelength for various phos-
phors activated by Eu?* ions. The circles, squares, diamonds, upward
and downward triangles, and stars show the data for chalcogenides (sul-
phides [114, 32, 115] and selenides [88] of alkaline earth metals as well as
thiochalcogenides [114, 86]), silicates [116, 117], aluminates [32, 118], nitri-
dosilicates [119, 120], oxonitridosilicates (SiONs) [121, 122, 123], and oxoni-
tridoaluminosilicates (SiAIONs) [124, 125]. Since the Eu?* ions in some of
these phosphors occupy different positions yet causing a dual structure of
PL bands (e.g. ortho- and pentha-silicates [126] and nitridosilicates [127])
the data was sorted in respect to the appropriateness of the single-band
model. The PL spectra of the above mentioned phosphors were digitized
and fitted with the equation 3.2. Afterwards the fitting parameter R? was
calculated which can possess the maximum value of 1 meaning a perfect
fit. The open and solid points in Fig. 3.1 show data for phosphor PL bands
with R? < 0.99 and R? > 0.99, respectively.

The line in Fig. 3.1 demonstrates the FWHM values in nm of spectra
described by the equation 3.2. The FWHM in energy range was fixed and
equal to 0.27 eV. Figure shows that the model FWHM monotonously in-
creases from 44 to 93 nm in the peak wavelength range between 450 and
650 nm. The FWHM values of most Eu?* activated phosphors PL spectra
that are characterized by a single-band model (R? > 0.99) deviate from the
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Figure 3.1: Dependence of FWHM in nm on the PL peak wavelength for
various phosphors activated by Eu?" ions. The open and solid
points show data for phosphor PL bands that can be approx-
imated by the equation 3.2 with R? < 0.99 and R? > 0.99,
respectively [I.

solid line by no more than 20 nm. Chalcogenide phosphors have smaller
FWHM values due small phonon frequencies [110]. However, SPDs of these
phosphors are well described by the equation 3.2 (R? > 0.99). Most sili-
cates, aluminates and nitrides have FWHM values that are equal or slightly
larger than those of the model, nevertheless, many of them cannot be well
fitted with the single band model (R? < 0.99).

Fig. 3.2 demonstrates SPDs of some Eu?t activated phosphors (solid
lines) as well as model SPDs of the same widths (dashed lines). The
PL spectra from left to right belong to corresponding phosphors: blue
Bag ¢Eug.4MgAljgO17 (BAM, peak wavelength — 457 nm FWHM — 57 nm
[118]), cyan BapSiO4:Eu?t (peak wavelength — 503 nm, FWHM — 59 nm
[116]), yellow EuSiasO2Ns (peak wavelength — 586 nm, FWHM - 125 nm)
and red SrS:Eu?* (peak wavelength — 616 nm, FWHM — 75 nm [114]). The
SPDs of blue, cyan and red phosphors are well described with the equa-
tion 3.2 and have the R? values greater than 0.99. However, the yellow
phosphor deviates from the model and in this case R? = 0.978.

76



1 N I v I N 1 v Ll v I N I v I v |
——BAM:Eu" (R’ =0.992)
Ba,Si0,:Eu” (R’ = 0.996)
EuSi,ON, (R =0.978)
StS:Eu” (R” = 0.993)

Spectral power
(arb. units)

——ee e LIENP——

400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 3.2: Some examples of the Eu?* activated phosphor PL bands (solid
lines) and the PL band fitted using the equation 3.2 (dashed
lines) [I].

3.2.2 Optimization procedure

Computer optimization procedure was performed by prof. R. Vaicekauskas
from the Vilnius University Faculty of Mathematics and Informatics. In
order to optimize SPDs for pcLEDs three different components described
by the equation 3.2 were combined to form trichromatic blends of different
CCTs (3000, 4500, and 6500 K) using colour mixing equations described
in subsec. 2.1.2. The optimal composite spectra were separately calculated
for each CCT as functions of LER by maximizing an objective function for

each of four colour parameters.

The objective function for colour fidelity blends is expressed as follows:

Foor,ner(M, A2As, p1,p2,p3) = CF1I, (3.3)

here A1, A2, A3 and p1,p2, ps are the peak wavelengths and partial radiant
fluxes of the three model phosphors spectra, respectively. For the colour

saturation blend the objective function is:

Feor,ner(A1, A2A3,p01,p2,p3) = CSI| g pr<s0%- (3.4)

In the expressions here and bellow the constraint < 50% prevents high
hue distortions. The objective functions for the colour dulling and colour
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preference blends are, respectively, expressed as:

Foor,Ler(A1, A2A3, p1,p2,03) = CDI|gpr<son,  (3.5)
Foeor,ner(M1, A2A3,p1,p2,p3) = CSI/CFI|ypr<so%,cpr<10%- (3.6)

In this case the constraint CDI < 10% prevents the solutions with low CSI
and CFI values.

In all cases the six objective functions variables must satisfy the afore-
mentioned colour mixing equations. For this reason the objective functions
were maximized in the optimization region which is a parametric space
with three degrees of freedom. The objective functions are maximized with
a computer program that stochastically searches for the solution on a 3
dimensional parametric surface for the chosen CCT and LER values [78].

3.2.3 Modelling of SPDs and temperature measurements.

For the SPD modelling the PL spectra of the following Eu?* activated com-
mercial phosphors were used: blue BAM (Intematiz B101C-2, 446 nm peak
wavelength, 45 nm FWHM), cyan, green and orange silicates (Intematiz
G1758, 507 nm peak wavelength, 59 nm FWHM; EG3264, 528 nm peak
wavelength, 71 nm FWHM, and 06040, 606 nm peak wavelength, 81 nm
FWHM, respectively), as well as red and deep red nitrides (PhosphorTech
HTR620, 617 nm peak wavelength, 83 nm FWHM, and Intematiz ER6436;
625 nm peak wavelength, 87 nm FWHM, respectively). The modelling
procedure was performed using MathWorks® MATLAB in the same way
as described in subsec. 2.2.1. Phosphor PL for the SPDs modelling were
measured using the method described in subsec. 2.2.1, except for BAM
phosphor, were a near UV LED was used as an excitation source (peak
wavelength 378 nm).

The temperature dependence was measured separately for each phos-
phor using a LabSphere Peltier element in the 0-80 °C temperature range.

3.2.4 Design process of a PrefLED luminaire

Figure 3.3 presents the drawing and the picture of the designed PrefLED
luminaire. Eight blue light-emitting diodes (Cree Royal Blue XP-E2, EL
peak value 453 nm) (1) were connected in series and soldered on a custom
metal-core PCB board attached to a heat sink (2). As it is shown in the fig-
ure, one part of the blue EL is absorbed and converted by a 1 mm thickness,
25 wt% concentration green phosphor converter (3) made of silicone (Dow
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Figure 3.3: Scheme of the PrefLED luminaire [IX].

Corning AS 7096) and the aforementioned Intematiz G1758 phosphor mix-
ture. The second part of the blue EL is converted by a 0.3 mm thickness,
15 wt% concentration red phosphor converter (4) made of the same silicone
and Intematiz ER6436 phosphor mixture. The phosphor converter layers
were sandwiched instead of intermixing so as to avoid the reabsorption and
quenching of the less efficient phosphor. The luminaire was placed in a re-
flecting case (5) and covered with a round glass plate (6). The converter
case (7) was milled using ROLAND Modela 4 MDX - 40 milling machine
of white PVC foam and PMMA. The thicknesses and concentrations of
the phosphor converters were optimized prior the manufacturing process in
collaboration with VU FF bachelor student Henrikas Dapkus, see ref. [91]
for the optimization details. The blue LED as well as green and orange
phosphors for the PrefLED prototype were selected according to the op-
timization results for pcLEDs of preferential colour rendition described in
section 3.3 and Paper I. The spectral properties of the designed luminaire
were measured using LabSphere IllumiaPro 500-050 system.

3.2.5 Psychophysical experiment

Due to reliability in terms of psychophysics a side-by-side arrangement was
chosen for the psychophysical experiment [128]. The experimental cabinet
which is presented in Fig. 3.4 was divided in two equal parts each containing
quasi-identical scenes that were composed of familiar objects such as fruits
and soft drink cans of well-known brands and was mounted in a dark room.
Cabinet scenes were illuminated with a diffused 2912 K CCT halogen lamp
(MR16, Gub.3 20 W, 12 V) and the developed PrefLED (0.5 A, 24 V)
luminaire. The illuminance of both sides was set to 125 Ix (illuminance
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Figure 3.4: Experimental cabinet for the psychophysical validation (left —
halogen lamp, right — PrefLED) [IX].

meter Konica Minolta T-10) by smoothly variable iris diaphragm and precise
driving current control of halogen and PrefLED sources, respectively. The
lamps were preheated for at least 30 min prior the experiment in order to

ensure stable experimental conditions.

Prior to the experiment subjects were asked to take S. Ishihara Test for
Colour Blindness, to check the colour-blindness related errors. No colour-
blind participants were found. Further, the subjects have spent 5 min in
a dark room in groups of 3 people for darkness-adaptation and afterwards
they were one-by-one invited to the experimental room and seated in front of
the cabinet. Due to the fact that the luminance was not changed during the
experiment, the subjects were given 1 min to adapt to the cabinet lighting,
which is enough under such experimental conditions [129]. Afterwards 20
questions where verbally introduced by the experimenter, present at the
same room. The questions asked during the psychophysical experiment
are numbered and provided in table 3.3 in subsec. 3.3.4. Subjects had to
choose if the scene on the left or the right side represents the answer to
the particular question. After the first set of the experiment subjects were
escorted back to the dark room for another 5 minutes, the luminaires were
swapped and the experiment was repeated, but subjects were not explained
what was changed. Then the subjects had a 15 min break, while the scenes
were swapped from the left to the right side while the luminaires were kept
in place. After the brake both sets of the experiment were repeated. As a
result, each subject has answered the questionnaire for four times. In total,
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25 subjects (13 female and 12 male) of ages in between 18 and 34 with a
mean value of 26 have voluntarily participated in the experiment. Three
subjects were lighting experts working in a Lighting Research Group.

3.3 Results

This section presents the optimization results and gives the optimal wave-
lengths of theoretical phosphor PL bands for solid state light sources of
different colour rendition properties — hight fidelity, colour dulling, saturat-
ing, and colour preference. Firstly, the section gives the theoretical SPDs
modelled using real phosphor PL bands. Afterwards the solid state lumi-
naire prototype of preferential colour rendition is characterized, compared
to a conventional halogen lamp, and validated during the psychophysical
experiment, which results are presented at the end of this section.

3.3.1 Model SPDs of pcLEDs and their spectral parameters

The results of the optimization process described in subsection 3.2.1 are pre-
sented in table 3.1 which gives the approximate optimal LED peak wave-
lengths for SPDs with different colour rendition properties: high fidelity,
colour saturating, colour dulling, and colour preference. Table shows that
the optimal peak wavelengths for the colour dulling blend are in the blue
(~ 460 nm) and yellow regions (~ 535 and 580 nm). However, the com-
monly used cool white pcLED with YAG:Ce phosphor are characterized by
a very similar SPD and for this reason the colour dulling blends will not be

discussed further.

Table 3.1: Proposed approximate peak wavelengths of Eu?t activated ph-
sphors required for the trichromatic pcLEDs with different colour
rendition properties [I].

Deep

Colour rendition Deep Blue
red

property blue
High fidelity 460 530 615
Colour 445 510 625
saturating

Colour

dulling

Colour

preference

Cyan Green Yellow Red

460 535 580

460 510 610

Figure 3.5 shows the SPDs of full-conversion LEDs characterized by a
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high colour fidelity for different CCTs. All three SPDs were composed of the
same phosphors: blue aluminate (BaMgAl,;O;; BAM, Intematix B101C-
2; Apeak = 446 nm, FWHM = 45 nm), green silicate (Intematix EG3264,
Apeak = 528 nm, FWHM = 71 nm), and red nitride (PhosphorTech HTR620;
Apeak = 617 nm, FWHM = 83 nm). The modelled SPDs have CFIs of
88%, 73%, 56% and LER values of 307, 300, and 289 lm/W for CCTs
of 3000, 4500, and 6500 K, respectively. The spectral parameters of the
SPD at 3000 K are very close to the optimal ones that are presented in
Paper I Fig. 3. However, due to the longer then required peak wavelengths
of commercial phosphors, the CFI and LER values, for higher CCTS, are
somewhat lower than the optimal ones.

If a broad BAM PL spectral component is replaced by the same peak
wavelength but narrower blue InGaN LED (FWHM = 24 nm) EL band,
the value of CFI is reduced by 3-10%. However, the value of LER increases
by 3-9 lm/W depending on the CCT. The limiting radiant efficiency of
such LEDs (with CFI of ~80%) accounting for the Stokes shift is about
80% assuming the radiant efficiency of the blue emitter and the QE of the
phosphors of 100% This means that the high colour fidelity blends can be
achieved using InGaN LEDs as blue light sources.
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Figure 3.5: (a), (b), and (c) examples of high colour fidelity trichromatic
SPDs composed of commercial blue BAM (Intematix B101C-2),
green silicate (Intematix EG3264), and red nitride (Phospho-
rTech HTR620) Eu?t phosphors for CCTs of 3000, 4500, and
6500 K, respectively. The values of CFI and LER are indi-
cated [I].

Figure 3.6 shows the SPDs of full-convertion LEDs characterized by a
high colour saturation for different CCTs. All SPDs were composed of the
same phosphors: the aforementioned blue BAM, cyan silicate (Intematix
G1758, Apear = 507 nm, FWHM = 59 nm), and deep red nitride (Intematix
ER6436; A\peqr = 625 nm, FWHM = 87 nm). The modelled SPDs have CSIs
of 59%, 61%, 62% and LER values of 255, 249, and 241 lm/W for CCTs
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of 3000, 4500, and 6500 K, respectively. These values are very close to the
theoretical ones presented in Paper I Fig. 5.

If BAM PL spectral component is replaced by the InGaN LED EL band
the spectral parameters remain almost unchanged for all CCT values. The
limiting radiant efficiency of such LEDs (with CSI of ~60%) accounting
for the Stokes shift is 82% for all considered CCTs assuming the radiant
efficiency of the blue emitter and the quantum efficiency of the phosphors
of 100%. This means that the colour saturating blends can be achieved
using InGaN LEDs as blue light sources.
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Figure 3.6: (a), (b), and (c) examples of colour-saturating trichromatic
SPDs composed of commercial blue BAM (Intematix B101C-
2), cyan silicate (Intematix EG1758), and deep red nitride (In-
tematix ER6436) Eu?* phosphors for CCTs of 3000, 4500, and
6500 K, respectively. The values of CSI and LER are indi-
cated [I.

Figure 3.7 shows the SPDs of full-convertion LEDs characterized as
high preference for different CCTs. All SPDs were composed of the same
phosphors: the aforementioned blue BAM, cyan silicate and orange silicate
(Intematix 06040; Apeqr = 606 nm, FWHM = 81 nm). The modelled SPDs
have CSI/CFTI ratios of 0.6, 0.97, 1.22, and LER values of 304, 286, and
268 Im/W for CCTs of 3000, 4500, and 6500 K, respectively. The CSI/CFI
ratio of the composed SPDs are within the preference interval which is 0.3
3. The LERs are somewhat lower than theoretical shown in Paper I Fig. 8
due to the slightly different than required peak wavelengths of commercial
phosphors.

If a broad BAM spectral component is replaced by a narrow InGaN
LED EL band, the CSI/CFI ratio is reduced by 0.03-0.14 and LER values
increase by 2—6 lm/W depending on the CCT. The limiting radiant efficiency
of such LEDs (with CSI/CFI of ~1) accounting for the Stokes shift is 83%
for all considered CCTs assuming the radiant efficiency of the blue emitter
and the quantum efficiency of the phosphors of 100%. This means that the
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colour preference blends can also be achieved using InGaN LEDs as blue
light sources.
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Figure 3.7: (a), (b) and (c) examples of colour-preference trichromatic SPDs
composed of commercial blue BAM (Intematix B101C-2), cyan
silicate (Intematix EG1758), and red-orange silicate (Intem-
atix 06040) Eu?*t phosphors for CCTs of 3000 K, 4500 K, and
6500 K, respectively. The values of CSI/CFI and LER are indi-
cated [I].

3.3.2 Temperature dependence

Figure 3.8 (a), (b), and (c) show the dependence of colour parameters on
ambient temperature for the SPDs characterized by high colour fidelity,
colour saturation and colour preference, respectively. The red line indicates
the limits beyond the SPD looses the dominant colour properties. Figure
shows that the 3000 and 4500 K CCTs colour fidelity blends are quite re-
sistant to the heat and the colours are not distorted within the measured
temperature range (0-80 °C). However, 6500 K blend is very sensitive to
the ambient temperature and as soon as 30 °C are reached the SPD starts
to distort colours due to the decrease of CFI and the increase of CDI and
HDI. Colour saturating blends are the most resistant to heat since the SPDs
at all CCTs sustain the colour saturation ability within the measured tem-
perature range. The most sensitive to the heat are colour preference blends.
When the temperature is increased the SPDs change their shapes, and the
value of CSI is reduced in favour of CFI. Above 50 and 80 °C, the 3000 K
as well as 4500 and 6500 K colour preference blends, respectively, become
high fidelity blends.

The results show that it is of importance to take into account the tem-
perature dependence of phosphors while composing the SPDs so as the
designed light source would be characterized by a desirable colour rendition
property.
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Figure 3.8: (a), (b), and (c) dependences of colour parameters on the ambi-
ent temperature at different CCTs for the colour fidelity, colour
saturation and colour preference blends, respectively. The red
line indicates the limit, upon which the dominant colour prop-
erties are lost.

3.3.3 Characterization of the designed PrefLED prototype

The SPDs for the colour preference luminaire and the halogen lamp are
presented in Fig. 3.9. The pcLED SPD is characterized by three components
in the blue (455 nm), green (517 nm), and deep red (621 nm) spectral
regions. A deep red component of the PrefLED gives the ability to saturate
colours of illuminated objects. The spectrum of MR16 halogen lamp is
similar to the black body radiator emission, with a slight distortion in the
red part due to a multifaceted reflector.
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Figure 3.9: SPDs of the designed PrefLED and the halogen lamp used for
the reference [IX].

Figure 3.10 (a) presents the xy chromaticity coordinates of the blue

85



LED and phosphors used for the design of the luminaire as well as those
of PrefLED and Halogen lamp, in CIE 1931 chromaticity diagram. It is
clearly seen in Fig. 3.10 (b) that both SPDs and the 2900 K illuminant are
confined by the 3-step MacAdam ellipse, which means that the test and
reference luminaires are close to the Planckian locus and can be described
by a similar CCT.
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Figure 3.10: (a) Chromaticity coordinates of the PrefLED and the halogen
lamp in the CIE 1931 chromaticity diagram; (b) the enlarged

view of the CIE 1931 chromaticity diagram containing 3-step
MacAdam ellipse [IX].

Table 3.2 presents the colourimetric parameters of the aforementioned
SPDs along with the CIE A standard illuminant. The developed LED has a
0.0014 Dy, value which is within the dimensions of double MacAdam ellipse
with the black body radiation chromaticity, and thus satisfies the require-
ments for white light. It is also seen that the halogen lamp has high CFI
(97%) and R, (96), whereas the PrefLED exhibit somewhat lower values of
47% and 87, respectively. However, CSI value for halogen lamp and Pre-
fLED is 0 and 30%, respectively. This means that for the designed PrefLED
prototype the CSI to CFI ratio is 0.64, and falls into the colour preference
interval which is between 0.3 and 3 as was discussed previously. LERs of
PrefLED and halogen lamp are 271 and 170 lm/W, respectively, meaning
that the PrefLED SPD is 1.6 times more efficient. Table 3.2 also presents
photopic CAF values which are 0.851 and 1.01 for PrefLED and Halogen
lamp, respectively, and therefore make a small difference if compared to CIE
A illuminant (1).

86



Table 3.2: Properties of the designed pcLED and of reference light
sources [IX].

Name CCT,K D,, LER, CFI, OSI, R, R; R, CAF
Im/W % %

PrefLED 2900 0.0014 271 47 29 87 82 96 1.01
Halogen 2912 0.0046 170 97 0 9 95 96 0.851
CIE A 2856 0 155 100 0 100 100 100 1

3.3.4 Results of the psychophysical experiment

The results of the psychophysical experiment are presented in Fig. 3.11. The
numbers on the z axis represent question numbers in the questionnaire given
in tab. 3.3, while the mean values of the selections are indicated on the y
axis. As it is seen in the histogram, the subjects were tend to give preference
for the PrefLED luminaire — it was claimed to be more bright, colourful,
vivid, attractive, picturesque and luxurious. Also, it was more preferred
for the use in the offices, grocery stores, restaurants, shopping malls and
certain places at home, in particularly, kitchen or bathroom. However, with
the confidence intervals taken into account, both luminaires were claimed to
be cosy. Halogen lamp was perceived as more natural and peaceful, thus, as
a result it was claimed to be more suitable for the illumination at home, in
particular, sleeping room. Probably lower CAF value of the MR16 halogen
was unconsciously noticed by the subjects, prompting for more peaceful
sensation.

However, the results represent only mono-cultural (Lithuanian) and rel-
atively young age distribution of subjects leaving the space for further inves-
tigation of subjects of different cultures and countries of origin/residence.
At the moment of writing this dissertation the psychophysical experiment
on the perceived brightness of the PrefLED and halogen luminaires is being

carried on.

3.4 Summary

To sum up, in this part, according to the theoretical optimization results, the
pcLED SPDs, composed of commercial phosphor PL spectral components,
and characterized by hight colour fidelity, colour saturation and colour pref-
erence, for different CCTs were modelled. Afterwards, the pcLED luminaire
prototype of preferential colour rendition was designed and validated dur-
ing a psychophysical experiment. The experiment has revealed that the
designed prototype is described as a more bright, vivid, colourful, and at-
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Figure 3.11: Results of a psychophysical experiment. Numbers on the x axis
represent question numbers in the questionnaire presented in
tab. 3.3, the mean values of selected luminaires are indicated
on the y axis [IX].

tractive. Moreover it is claimed to be more suitable for the illumination of
active environments, suitable for work (office, factory) or free-time (shop-
ping mall, grocery store, restaurant). However, a conventional halogen lamp
of the same CCT value was chosen as a more favourable light source for the

use at home, in particular for the illumination of the sleeping room.
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Table 3.3: Questionnaire used during the psychophysical experiment [IX].

Which illuminated scene appears more...

1 Bright 6 Cosy

2 Vivid 7 Peaceful

3 Colourful 8 Luxurious

4 Attractive 9 Natural

5 Picturesque 10 Preferred(in general)
Which illumination would you choose for...
11 Office 16 Home

12 Factory 17 Kitchen

13 Shopping mall 18 Living-room
14 Grocery store 19 Sleeping-room
15 Restaurant 20 Bathroom
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Conclusions

During this work the spectral engineering of pcLEDs for three niche appli-
cations was performed. The first chapter was dedicated to pcLEDs meeting
the photobiological processes of plants. In this chapter, different gallium
garnet phosphors doped with Cr3* were investigated, optimized and ap-
plied for solid state lighting.

The second chapter covered the photobiologically friendly mesopic
sources of light that are characterized by low CCT and minimized CAF
value. In this chapter photobiologically friendly dichromatic pcLED SPDs
were modelled and their photometric properties were evaluated. Also, two
sets of pcLED firelight prototypes were designed and characterized.

The final third chapter presented the optimization of theoretical pcLED
SPDs of different colour rendition properties in respect to LER. The opti-
mization results were used to model pcLED SPDs characterized by high
colour fidelity, colour saturation and colour preference for different CCTs.
Finally, the pcLED prototype of preferential colour rendition was charac-
terized and validated by a psychophysical experiment.

The conclusions from these three parts of the dissertation work are

drawn and presented as follows:

1. Ce3T ions (co)doped along with Cr3* ions cause a strong quenching
of Cr3* PL in gadolinium gallium garnet phosphor synthesized by a
sol-gel method, and, therefore, do not give an advantage.

2. Sol-gel derived gadolinium, yttrium, lutetium and gadolinium scan-
dium garnets doped with Cr3* ions are characterized by a broad PL
band in the far-red spectral region which overlaps the absorption of
Ps plant pigment, and therefore, are suitable for the horticultural

applications.

3. The PL intensity and quantum efficiency of sol-gel derived gallium
garnets phosphor powders can be effectively enhanced by optimizing
the concentration of Cr®* ions and calcination temperature.

4. The measurements of PL dependence on the temperature have re-
vealed that up to 90 °C, no thermal quenching is observed for gallium
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10.

garnets doped with Cr3*, which makes these phosphors feasible for
the pcLED applications.

. Sol-gel derived YGG doped with 8 mol% Cr3*t ions and calcined at

1400 °C was characterized by the highest QE that reached 46%, and,
therefore, was used for the design of pcLED luminary prototype meet-
ing the photomorphogenetic needs of plants.

Most of the proposed theoretical firelight LED SPDs as well as the
designed firelight LED prototypes have the mesopic equivalent of the
general CRI comparable to the general CRI of common LEDs un-
der photopic conditions, which makes them suitable for the outdoor

lighting applications under low illuminance levels.

The proposed theoretical firelight LED SPDs as well as the designed
firelight LED prototypes are advantageous in respect of conventional
white light sources in terms of circadian action, and, therefore, can be
used in outdoor environments, where a part of efficacy can be traded
for photobiological safety, reduced light pollution, and visual comfort.

SPDs containing PL components of Eu?t doped silicate phosphors are
characterized by a relatively high LER and general mesopic CRI as
well as low CAF, if compared to conventional light sources, and are
thus claimed as the most suitable phosphors for firelight LED sources

of low circadian action.

SPDs composed of PL bands of Eu?t doped phosphors were opti-
mized for different colour rendering properties (high fidelity, colour
saturating or colour preference) using model spectral components ap-
proximated by Gaussian shapes on the photon energy scale.

A psychophysical experiment revealed that the designed PrefLED pro-
totype is perceived as more bright, vivid, colourful and attractive if
compared to a conventional halogen lamp of the same CCT. There-
fore it is advantageous for lighting in the most of active environments.
However, the halogen lamp was perceived as more peaceful, and, there-
fore, it is preferable for the illumination of calm environments, such

as home, in particular, sleeping room.
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