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1 Introduction

The anticipated growth of the world population and the increasing demand for energy are
in stark contrast with the earth’s energy resources that are rapidly nearing depletion.
Substantial amounts of energy can be saved by employing more efficient sources of
artificial light. Today’s light sources are reviewed together with state-of-the-art solid state
light sources (SSLs) that have great energy savings potential. Emphasis is put on the
phosphors required for efficient SSLs and the potential of coordination compounds of

trivalent lanthanoid ions as phosphors is discussed. The chapter is concluded with a

description of the contents of this thesis.



Chapter 1

1.1 Thirst for energy

1.1.1 Global energy consumption
Year after year, the world’s energy consumption has been rising [1]. With the anticipated
growth of the world population in mind it is to be expected that the thirst for energy will
only increase further [1-3]. In 2011, the global use of primary energy was as high as 12,275
million tons of oil equivalent (Mtoe), or approximately 143 PWh [1]. Compared to the
figure of 2001 (110 PWh) this is an increase of as much as 30% in 10 years. The
consumption of primary energy by the 27 member states of the enlarged European Union
(EU-27) was 13.5 PWh in 2007 [4, 5]. In principle, one can think of two possible ways of
dealing with the growing thirst for energy. On the one hand, the production of energy can
be increased accordingly. With most of our energy production relying on fossil fuels that
are rapidly approaching depletion, this seems to be an inadequate response. On the other
hand, the energy can be used more effectively, i.e. by employing more efficient technology.
As will be discussed in the upcoming sections (1.2 and 1.3), there is a high savings
potential when it comes to artificial lighting. Recent developments in the field of
semiconductor technology have opened doors towards much more efficient light sources.

1.1.2 Electric energy consumption
In 2007, the total consumption of electric energy within the EU-27 was 2.9 PWh [4, 5].
Households were responsible for using 800.7 TWh of electric energy, while the tertiary
sector consumed 760.4 TWh of electric energy. Approximately 10% (84 TWh) of the
residential electricity consumption was due to electric lighting, while this figure is 26%
(200 TWh) for the tertiary sector [4, 5]. Similar numbers are found for the consumption of
electricity in the USA: it is estimated that 22% (915 TWh) of the electric energy produced
is used for electric lighting [6]. These are rather substantial amounts of energy, so there is a
high energy saving potential when it comes to electric lighting. Schubert et al. have
estimated the energy savings potential provided by solid state lighting (SSL) (section 1.3.3)
[6]. In their calculations, the SSL-lamps are assumed to be almost three times more
efficient than the current ones, which is a realistic assumption as can be seen from Table
1.1. A 20% market penetration of SSL would lead to an annual saving of 230 TWh, which
is 5.5% of the total US electricity production. An SSL penetration of 60% would lead to a
saving of 459 TWh per year, or 11%. The impact on annual CO, emissions of the US for
these scenarios is estimated to be 134 Mt and 268 Mt, respectively.



Introduction

1.2 Lighting technology

1.2.1 General considerations
Currently, the most commonly used lamps for indoor lighting are based on relatively old
technology and have been highly optimized in the past decades. Their efficiency has
reached a limit that is inherent to their operating principles, leaving little possibilities for
further improvement. SSL technology on the other hand is rapidly emerging, and has made
extraordinary progress in the past decade. The efficiency of SSL-based lamps is now
comparable to that of fluorescent technology, and there seems to be no fundamental reason
why efficiencies could not increase even further [7].

1.2.2 Incandescent lamps and halogen lamps
The development of the incandescent lamp dates back to 1879, when Thomas Edison filed
his patent on the ‘Electric lamp’ [8-10]. The principle of operation of the incandescent lamp
relies on the thermal emission of radiation by a glowing tungsten wire. The wire, or
filament, itself is heated by resistance heating, when a sufficiently large current passes
through it to make it glow. As a result of this principle, the emission spectrum of an
incandescent lamp very closely resembles that of a black body radiator and can be
described by the Planck radiation formula [11, 12]. The emission spectrum is continuous
and broad, with its maximum depending on the emission temperature according to Wien’s
law: Ay * T=2.897 % 10°m-K [13, 14]. A major drawback of the black body emission
is that a substantial amount of radiation is emitted in the infrared region. Integration of a
2,500 K black body emission spectrum shows that only 5% of the emission energy is within
the visible region, the rest is lost as heat. Following Wien’s law, the emission maximum
may be shifted to shorter wavelengths by increasing the filament’s temperature, but this
approach is limited by the evaporation rate of tungsten, with its melting point at 3,695 K
[15]. In the halogen incandescent lamp, the net rate of tungsten evaporation is reduced by
employing a tungsten-halogen cycle.

Table 1.1: Characteristics of commercially available lamps.

Lamp Nete (Im - W) CCT (K) CRI
Incandescent 15-20 2800 100
Halogen incandescent 20-25 2800 - 3200 100
TL / CFL 30-100 2700 - 6500 50-95
White LED (typical) 80 6500 85
Warm-white LED 67 2700 >170

Neg: luminous efficacy, lumens per watt of electrical power drawn by the lamp. TL: ‘Tube
Luminescent’ (French), CFL: Compact Fluorescent Lamp.
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During operation of the lamp, tungsten will evaporate from the filament into the gas phase.
There it will react with the halogen, typically iodine, to give a volatile tungsten halide. At
the high operation temperatures, this halide will stay in the gas phase and decompose close
to the filament, resulting in tungsten being deposited back on it [16]. This allows higher
operating temperatures of the filament and thus increases light output. However, due to the
broad nature of the emission spectrum, the efficiency increase is limited, as can be seen
from Table 1.1.

1.2.3 Fluorescent lamps
Fluorescent lamps were introduced in 1938 by General Electric and compact fluorescent
lamps (CFL’s) were made available in the 1970s [17-19]. This type of lamps relies on a gas
discharge of low pressure mercury vapor. The main emission of the mercury plasma is in
the deep UV at 254 nm, which is not only invisible to the human eye but also harmful [11,
20, 21]. A coating of luminescent materials, often called phosphors, on the inside of the
tube is used to convert this UV radiation into visible light. The overall energy conversion
efficiency of fluorescent lamps is limited to about 30% [11, 22]. The main energy loss
occurs in the conversion of deep UV photons to visible photons, which amounts to a loss of
50%. Further energy is lost in the plasma discharge process and in the conversion process
by the phosphors. It is obvious that the majority of the losses are due to the operating
principles of the lamp. Since the performance of the phosphors used currently is close to
their physical limit, the efficiency of fluorescent lamps cannot be improved significantly
[23].

1.2.4 Light-emitting diodes
As the name suggests, a light-emitting diode (LEDs) is a diode, which generally consists of
a junction of n- and p-type semiconductors. A semiconductor can be described as a
substance with a valence band that holds the valence electrons and an empty conduction
band. The top of the valence band is separated from the bottom of the conduction band by
the bandgap, which is characteristic for the compound. A semiconductor can be doped with
atoms that have excess electrons compared to the host material (n-doping). This introduces
an additional dopant level with electrons within the bandgap, close to the conduction band.
Doping a semiconductor with an electron-poor atom introduces an empty band near the
valence band of the semiconductor. When p- and n-type semiconductors are joined
together, electrons from the n-type semiconductor flow to the p-type semiconductor,
occupying the holes, until equilibrium is reached. Under the influence of an external
electron motive force, electrons can be pumped from the valence band of the p-type
semiconductor, to the higher energy conduction band of the n-type semiconductor. At the
junction, the electrons and holes can recombine under the release of energy. In the case of a
direct bandgap semiconductor, this energy can be released in the form of photons, that is,
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Figure 1.1: A PN-junction under forward bias, conducting a current and exhibiting luminescence as a
result of radiative electron-hole recombination. E,: bandgap, the current flows from the p-type to the
n-type side of the junction.

light is emitted from the semiconductor. A schematic representation of this operating
principle is given in Figure 1.1. This effect was discovered already in 1907 by H. J. Round,
when testing SiC crystals as a rectifier for an early crystal-detector radio [12]. Thanks to
this principle, electric energy is converted into light directly and in theory highly
efficiently. Dependent on the intensity required by the application and the required color,
several semiconductor systems are being used today, an overview is given in Table 1.2.
Sustained development of LEDs based on GaAsP, GaP, GaAs and GaN was initiated in the
1960s. Most of the work on GaN technology was abandoned in the mid 1970s as a result of
the poor efficiencies that were achieved by the early devices [12]. In 1992 however,
Akasaki et al. demonstrated the first GaN LED emitting in the UV spectral region with a
surprisingly high efficiency. From that moment on, development on GaN semiconductor
technology has soared and LED technology can be used for producing all visible colors
[24].

The green gap
The size of the bandgap is influenced by the dopants used in the semiconductor material
and therefore dopant concentration can be used to tune the color of the light emitted by the

Table 1.2: Overview of the semiconductor systems used for commercial LEDs (source: [12]).

Semiconductor Color Brightness (rel.)
GaAsP:N orange-red-IR low

GaP:N green low

Al:GaAs deep red-IR high
(AlGa;_y),In; (P yellow-orange-red high

In:GaN nUV-blue-green high

11
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LED. For instance, pure GaN has a bandgap of 3.40 eV, corresponding to emission in the
near-UV region at 365 nm [24]. This bandgap can be lowered by doping the material with
indium, which allows the emission to shift to the blue and green spectral regions [25]. In
theory, the In:GaN system could span the entire visible region, as the bandgap of pure InN
is estimated to be between 0.7 and 0.8 eV, corresponding to emission in the IR region
around 1600 cm™! [26]. Doping the semiconductor has other effects. The (Al,Ga, y)o.s5IngsP
system has a direct bandgap for x < 0.5 while a crossover to an indirect bandgap occurs for
compositions with x > 0.5. The bandgap energy at the crossover point is 2.33 eV, which
corresponds to 532 nm [12]. For the In:GaN system, the reasons for performance reduction
at higher dopant concentrations are less well understood. It has been attributed to the
immiscibility of GaN and InN and to increased strain between the In:GaN active layer and
the GaN base layer [12, 27, 28]. So, while it is perfectly possible to prepare high efficiency
blue and red LEDs based on GaN:In and (Al,Ga,_),In; P, respectively, it has been proven
impossible to obtain efficient green, yellow and amber LEDs. This problem is frequently
referred to as the green gap or yellow gap [28, 29]. A plot of the external quantum
efficiency versus the peak emission wavelength of commercially available LEDs is given in
Figure 1.2. Also shown in this graph is the eye sensitivity curve (section 1.3.1). Since the

eye is very sensitive in the region of the green gap, the inefficient LEDs still appear to
exhibit bright emission.
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Figure 1.2: External quantum efficiency versus peak wavelength high power Philips Lumileds based
on In:GaN (UV to blue region) and AlGalnP materials, superimposed on the eye sensitivity curve

V(%). The lack of high efficiency green and yellow LEDs is known as the ‘green gap’. Image taken
from ref. [27].
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1.3 White light and light sources
1.3.1 White light

The human eye
The word /light is used to indicate that part of the electromagnetic spectrum to which the
human eye is sensitive. It is generally accepted that this part of the spectrum extends from
380 nm to 780 nm [30]. Before discussing the principles that the current light sources rely
on to generate white light, it is fruitful to consider the characteristics of the human eye. In
the eye, the lens focuses the light onto the retina, which contains light sensitive rod and
cone cells. The rods are more sensitive to light than the cones and respond to the entire
visible spectrum. They are useful in low-light conditions and do not allow color vision. The
less sensitive cones require conditions of high ambient light, and there are three types of
them, each of which is sensitive to a specific part of the visible spectrum, as shown in
Figure 1.3. One can distinguish red-sensitive, green-sensitive and blue-sensitive cones

based on their spectral response. Colors can be differentiated based on the relative stimulus
of these three receptors [12, 30].
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Figure 1.3: The sensitivity of the red, green and blue color receptors in the retina of the human eye.
These curves are also known as the dimensionless color matching functions X(1), y (1) and Z(1).
Note that y (1) is equal to the eye-sensitiviy function V(). Redrawn using data taken from [12].
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Colorimetry
The spectral response curves of the blue, red and green receptors in the eye shown in Figure
1.3 are also known as the color matching functions x(A), y(1) and Z(1), respectively [12,
30]. The tristimulus values X, Y and Z represent the degree of stimulation of each of the
receptors by a light source with an emission spectrum P(4) as shown in equation 1.

X=[xQ) -P)dr Y =[35Q)-PA)da Z=[z(2)-P(A)dA (1)
The total stimulus of the receptors in the eye is just X + ¥+ Z. This property allows for
defining the ratios in equation 2, which represent the relative stimuli of the cones.

y=_X y = Y ,=_2 ?)

T X+v+z T X+v+z T X+v+z

As the value of z can be found from z =1 — x — y, the z coordinate is redundant and x and y
can be used to uniquely define a color in a two-dimensional color space, shown in Figure
1.4. The parameters x and y are the chromaticity coordinates. They can be used to locate
all visible colors in the diagram; the lower left-hand corner corresponds to blue, the top to
green and the right hand corner to red. As white light corresponds to equal stimulus of all
three receptors, it is located in the center of the diagram.
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Figure 1.4: The Commission Internationale de I’Eclairage (CIE) 1931 color diagram showing the
two-dimensional color space as defined by equation 2. Monochromatic colors are indicated on the
perimeter of the diagram using squares. White light is located in the center at (0.33, 0.33) and the
coordinates of black bodies in the temperature range from 1000 to 10° K are indicated by dots on the
Planckian locus.
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Characteristics of white light
A large number of possible optical spectra correspond to white light [12]. This is illustrated
by the emission spectra shown in Figure 1.5a—e, all of which correspond to white light.
Thus, a light source with a spectrum that contains only three narrow emission lines that
match the maximum sensitivity of the three color receptors will be perceived as white. The
same is true for a light source with an emission spectrum with a nearly constant intensity
over the visible region. The difference between these two light sources can become
apparent when they are used to illuminate an object. The observed color is a result of the
interplay between the light source’s emission spectrum and the object’s light absorption
spectrum. Therefore, the perceived color may differ between the two light sources. This
phenomenon is described by the color rendering index (CRI) of the light source, which is
defined as its ability to render a color with respect to a standard. The standard is usually
daylight, and the CRI is specified on a scale from 0 (poor) to 100 (best). Another metric,
the correlated color temperature (CCT), is used to indicate if a light source emits ‘cold’,
bluish or ‘warm’ reddish white light. It is defined as the absolute temperature of an ideal
black body emitter with its color coordinates as close as possible to that of the light source
[12, 30]. For example, the CCT of a candle is somewhere between 1,500 and 2,000 K, that
of an incandescent lamp 2,800 K and summer sunlight at noon between 4,900 and 5,700 K
[12]. In Figure 1.4, the location of black body radiators is indicated by the Planckian locus.
Interestingly, high color temperature light appears to be ‘cold’ because it is relatively rich
in blue emission.
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Figure 1.5: Emission spectra of a 40 W incandescent lamp (a), a typical TL lamp (b), a typical white
LED (c), a warm white LED (d), a red, green and blue LED (e) and the sensitivity of the cones in the
retina of the human eye (f).
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Eye sensitivity
The characteristics of the eye also need to be considered when the energy performance of a
lamp is measured. Although the total emitted power of radiation by a lamp is easily
expressed as its radiant flux in units of Watts, this does not give information on the
perceived intensity. For instance, the eye does not register the large amount of IR radiation
emitted by an incandescent lamp; this is readily seen from Figure 1.5f. To take the eye
sensitivity into account, photometric units are used. They describe the intensity of a light
source as perceived by the eye. The result is expressed as luminous efficiency in lumens per
Watt of optical power (Im - W"). For a light source with an emission spectrum P(4), the
luminous efficiency 7, is given by equation 3 [12].

Nm = 6837 - [ V(DP(A)dA 3)

In this equation, V(1) represents the eye sensitivity function, which is plotted in Figure 1.2.
The maximum of the V(A) function is at 555 nm and the factor 683 has a historical origin
[12]. The theoretical maximum luminous efficiency is thus 683 Im - W' for a
monochromatic emitter at 555 nm. For efficient lamps and phosphor materials, a good
match to the eye sensitivity function is an important prerequisite for obtaining high
efficiency lighting. This is especially true for emitters in the red spectral region. The eye
sensitivity falls off rapidly for wavelengths over 600 nm. For saturated red light, a red
emitter with a A, of 610 nm is desired [7, 31]. This can be seen from Figure 1.4, where the
lower right-hand corner corresponds to red. Use of a broad band emitter would result in
substantial emission at wavelengths beyond 610 nm, reducing its luminous efficiency. Use
of a line emitter that has otherwise the same A, and efficiency would reduce this spillover
to longer wavelengths. As a result, the luminous efficiency of the light source has increased
although the radiant flux remains unchanged. The overall efficiency of conversion of
electric power into light by a lamp, also considering the sensitivity of the eye, is usually
expressed as its luminous efficacy, also in Im - W' [12]. In this case, the Watts refer to the
total electrical power drawn by the lamp.

1.3.2 Current lamps and white light
The spectrum of incandescent and halogen incandescent lamps is continuous over the entire
visible region and extends deep into the infrared part. This ensures that all three receptors in
the eye are stimulated, and since the spectrum is a Planck curve, the CRI of these light
sources is high. In theory, a filament temperature of 6,620 K provides the best match to the
human visual response and would give rise to a luminous efficiency of approximately 95
Im - W' [7]. The emission spectrum of fluorescent tubes strongly depends on the blend that
has been applied on the inside of the tube. Typically, it consists of a mixture of phosphors
with several emission lines or bands spread over the visible region, as is shown in Figure
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1.5b. A comparison of characteristics of commercially available white lamps is given in
Table 1.1 [9, 12, 32].

1.3.3 Solid-state lighting and white light
Although the conversion of electric energy into light can be accomplished with a high
efficiency thanks to the semiconductor nature of LEDs, there is one important drawback:
the emission is inherently monochromatic as it is determined by the size of the bandgap.
Monochromatic light sources are useful for indicator lamps and traffic lights, but cannot be
used to illuminate office-buildings and houses. Currently, several solutions to circumvent
this drawback exist. The term solid-state lighting (SSL) is a collective expression for those
LED-based white light sources.

RGB LEDs
Perhaps the most obvious solution to produce white light is to combine red, green and blue
LEDs into a single device. Although this solution, also known as the RGB LED, has
theoretically the highest efficiency, there are some downsides. The different LED chips are
made using different semiconductor materials and will age at different rates, resulting in
color instability of the emitted light [29]. Furthermore, the LEDs will require different
driving voltages, which complicates the fabrication of an RGB LED [11, 33]. Finally, the
efficiency of this solution is hampered by the comparatively low efficiency of green LED
chips [29, 34]. This problem is discussed in section 1.2.4, and is inherent to the
characteristics of the semiconductor materials used to produce LEDs [7, 29].

Blue LED with broadband phosphor
In an alternative approach for white light generation, a single LED chip is used to pump a
layer of phosphor materials. White LEDs that rely on phosphor materials are commonly
known as phosphor-converted white LEDs (PC-WLEDs). The most widely used white
LEDs as of to date use an In:GaN LED emitting blue light at 470 nm combined with
Ce:Y;Al501,, cerium-doped yttrium-aluminum garnet (Ce:Y AG), as a phosphor material.
When a current is passed through the LED, it starts emitting blue light, of which a fraction
is absorbed to excite the phosphor material. The blue light of the LED, mixed with the
broad band emission of the phosphor, results in white light. An emission spectrum of such
device is shown in Figure 1.5c. Ever since the white LEDs of this type were
commercialized in 1996, they have been applied in flashlights, bicycle lamps, car
headlights and in other situations that do not require high quality white light [9, 12]. White
LEDs of this type can achieve high luminous efficacies, but the lack of emission in the red
spectral region generally results in high correlated color temperatures of over 6,500 K,
making them unsuitable for general illumination purposes. More recently, so-called ‘warm
white LEDs’ were made commercially available. The basic principle is similar: a blue LED,
usually emitting at 450 nm, is used to pump a phosphor coating. The phosphor in this case
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is usually a broad band emitting Eu(Il)-doped Ca,,»Si;5_, Al +,0,N;4., (CaSiAION)
material [35, 36]. The emission from these white LEDs can achieve correlated color
temperatures of 2700 K; the spectrum of such white LED is shown in Figure 1.5d. The CRI
that is accomplished in this way is however limited to 70, which limits the applicability of
these lamps [37-39]. In addition, degradation of the phosphor material or LED chip will
cause significant color changes in time [33].

Near-UV LED with phosphor coating
An approach similar to the one taken for generating white light with fluorescent tubes is to
use an LED emitting in the nUV region to pump a coating of blue, green and red phosphor
materials [33, 40]. With this method it is possible to tune the color temperature and CRI
just by changing the composition of the phosphor coating. At the same time, it requires
driving only a single LED and provided that the phosphor materials are stable, color shifts
are avoided over the entire lifespan of the LED. With this method, a high CRI as well as a
high efficiency can be reached. It has been shown that a theoretical light source with three
component colors can achieve a CRI of 85 at a luminous efficiency of 366 Im - W' [41].
Compared to the device based on a blue LED, the Stokes shift of the phosphor coating is
larger when a nUV LED is used. However, this is compensated for by the higher efficiency
of the nUV LED, as compared to the blue one. The effect of increasing efficiency of the
In:GaN LEDs towards shorter wavelengths is illustrated by the dashed line in Figure 1.2.

1.4 Phosphor materials

1.4.1 General remarks on phosphor materials
The first phosphor material was discovered in the year 1603 by an Italian shoemaker and
alchemist in Bologna, and is known as the Bolognian stone [42]. The material, BaSO,4 with
traces of other elements, was found to absorb daylight and emit various colors in the dark.
Other stones were found to exhibit similar behavior and these were named phosphors,
meaning ‘light bearer’ in Greek. The name of the element phosphorus derives from the
property of white phosphorus to show a faint glow when exposed to oxygen or air [42, 43].
As this glow is the result from the oxidation of phosphorus, the correct name for this
process is chemiluminescence, not phosphorescence. Nowadays, although the meaning of
phosphor is not clearly defined, the word generally refers to solid materials that exhibit
luminescence [43]. Luminescence refers to the phenomenon in which a substance emits
light after its electronic state has been excited by external energy. It includes both
phosphorescence and fluorescence. The first refers to long afterglow phenomena linked to
spin-forbidden electronic transitions, while the latter refers to extremely short afterglow
associated with spin-allowed electronic transitions [13].
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1.4.2 Current phosphors
Phosphor materials are widely applied in modern day technology such as luminescent tubes
(vide supra), cathode ray tubes (CRT’s) and plasma display panels (PDP’s) [22, 32, 44].
These phosphors have been developed and optimized in the past several decades and have
reached almost optimal photophysical properties, as strong absorption (> 90%) and high
quantum efficiency (~90%). It can therefore not be expected that these properties can be
significantly improved [22, 23]. Nearly all of these materials are based on inorganic
compounds and are highly stable. They are, however, optimized for excitation with high
energy photons. In a fluorescent lamp, a wavelength of 254 nm is used while in PDP’s the
phosphors are excited by vacuum UV (VUYV) photons between 147 and 190 nm [11]. In
CRT’s, the excitation energy is even higher; a beam of high energy electrons (30 keV) is
used [22]. While the current phosphors work well for those applications, they show poor
absorption at 360-480 nm, limiting their usefulness for application in SSLs based on GaN
LED technology.

1.4.3 Phosphors for PC-WLEDs
For the PC-WLED to become feasible, novel phosphor materials that can be excited by the
LED chip are required [33, 45]. Besides Ce:YAG that is nowadays widely applied, other
potential materials are investigated as phosphor for application in near-UV or blue LED
based PC-WLEDs. In general, these materials comprise oxides, nitrides, oxynitrides,
sulfides and silicates [33, 39, 40, 46]. Typically, most oxides show poor absorption in the
nUV or blue region, while most sulfides are very sensitive to moisture and CO, [11, 33,
39]. Most of the oxide materials are garnet-type materials, but silicates, aluminates and
borates are widely studied as well [33]. Oxynitrides and nitrides are investigated as host
materials for Eu(Il), as their strong crystal field results in a shift of the ion’s emission into
the red region. The resulting emission spectrum is of broadband nature, which is not
desirable for a red phosphor. Beyond 610 nm, the sensitivity of the eye drops rapidly, as
explained in section 1.3.1, so that emission at wavelengths over 610 nm contributes very
little intensity. As a result, the lumen equivalent falls rapidly as the bandwidth of the red
phosphor increases. The decrease in efficiency is roughly 0.15% per nanometer [7]. This
can be compensated for by shifting the emission of the red phosphor to shorter
wavelengths, but the lamp will not be able to render saturated red colors. To maintain a
saturated red as well as a high efficiency, a narrowband phosphor emitting around 610 nm
is highly desired [7]. Additional requirements, regardless of emission wavelength, arise
from the very high photon flux of a typical high power LED. The excitation energy density
generated by a 1 Watt In:GaN LED is estimated to be approximately 30 W - cm 2, which is
nearly three orders of magnitude higher than the excitation energy density phosphors in a
typical fluorescent tube are exposed to [11]. In addition, the temperature of high power
LEDs can reach values of over 100 °C, because they are not perfectly efficient [47, 48].
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To sum up, the perfect phosphor has [31, 49]:

1. An emission spectrum with high lumen equivalent

2 A high absorption in the n-UV to blue spectral region, matching In:GaN LEDs
3. A high quantum efficiency

4. High thermal- and photostability

5 Low thermal quenching

1.5 Trivalent lanthanoid ions

1.5.1 Lanthanoid ions and phosphor materials
The lanthanoid ions are widely used as emitting center in phosphor materials, because of
their well defined and favorable photophysical properties (section 1.6). Most notable are the
trivalent ions that show narrow, almost line-like emission bands that are relatively
insensitive to the environment of the ion. As a result, they produce highly pure colors. The
Eu(Il) ion is used as emitting center in phosphors as well (vide supra), but it shows broad
band emissions.

1.5.2 Nomenclature and discovery
When it comes to the nomenclature of the lanthanoids, there seems to be some
disagreement. Although terms like lanthanide, lanthanoid and rare earth are loosely used,
they are in fact well defined. According to the International Union of Pure and Applied
Chemistry, the use of lanthanide should be avoided altogether as the ending ‘-ide’ normally
suggests a negative ion while the lanthanoids, being metals, only give rise to stable cations
[50]. The term lanthanoid, meaning ‘like lanthanum’, is more correct and is a collective
name for the elements La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu.
Although, given this definition, La should not be included in this series, it has become a
member by common usage. The term ‘lanthanoid’ is derived from the Greek lanthaneien,
meaning ‘lying hidden’ [51]. The rare earths encompass the lanthanoids together with Sc
and Y [52]. The term ‘rare earth’ has an historical origin; ‘earth’ was commonly used to
refer to oxide-type minerals in the 18" century. Earths containing the rare earth elements
apparently seemed rare [53]. The history of rare earth chemistry starts in the late 18"
century in Scandinavia, when Johan Gadolin discovers a new earth he names yttria. In the
following years, more ‘earths’ were discovered, most of them consisting of a mixture of
lanthanoid oxides. Successful separation into the constituent oxides was performed by Carl
Gustav Mosander in the years 1839-1843. Lutetium was the last naturally-occurring rare
earth to be discovered, by Urbain in 1907, while it took until 1947 to synthesize the
artificial element promethium [53, 54]. It must be noted that these elements are in fact not
as rare as the name suggests [53, 55, 56]. The terrestrial abundances range from 0.2 ppm for
Tm to 46 ppm for Ce [56]. Thus, even the rarest rare earths are more abundant than gold
(0.004 ppm), mercury (0.08 ppm) or Se (0.05 ppm) [57].
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1.5.3 Mining, separation and chemical properties

Mining and separation
The lanthanoids are mainly found in nature in the minerals Bastnasite (LnFCO3), Mozanite
((Ln,Th)PO,) and Xenotime (Y,Ln)PO, [55, 56]. China has the world’s largest lanthanoid
reserve at approximately 60%, followed by the former Soviet Union at 17% and the United
States at 13% [58]. The lanthanoids are extracted from the minerals by means of acid
digestion, which results in the chloride salts, or by treatment with NaOH, producing
lanthanoid hydroxides. Separation of the lanthanoid elements on a commercial scale is done
by means of solvent extraction of lanthanoid nitrates between water and an organic solvent
using tri-(n-butyl)phosphate as an extractant. Using repeated extractions can give the
elements in a purity level of up to 99.99%, while ion-exchange methods are required to
achieve purities 0of 99.999% [55, 56].

Basic chemical properties
Because the lanthanoids have highly similar chemical properties, it took over 100 years to
completely separate them [53, 55]. They all have a stable +3 oxidation state, and the ionic
radius changes smoothly from 1.06 A for La(III) to 0.85 A for Lu(III) [59]. The latter
phenomenon is known as lanthanoid contraction and is tightly related to the properties of
the 4f orbitals that, on going from La to Lu, are gradually filled with electrons. This 4f shell
is located within the filled [Xe] core, so that the 4f orbitals are practically completely
shielded from the environment by the filled 5s and 5p orbitals. In addition, the 4f electrons
only partially compensate for the increase in nuclear charge, resulting in a net increase of
the attractive force between the nucleus and the outer electrons and thus contraction [52].
This phenomenon is commonly known as lanthanoid contraction. In cases when a full
(4f') or half full (4f7) or empty (4f°) shell can be achieved, additional oxidation states are
possible. For this reason, Ce and Tb have a stable +4 oxidation state, while Eu and Yb can
exist in a +2 oxidation state [52, 55]. The +3 oxidation state, which is common for all
lanthanoids, is the result of optimal balance between ionization energy and the lattice or
solvation energy [55, 60].

1.5.4 Coordination chemistry
The coordination chemistry of the lanthanoids was poorly investigated up until the mid
1960s. It was assumed that the lanthanoids would form 6-coordinate complexes, in analogy
with the d-block elements [61]. However, much has been learned since. The coordination
chemistry is largely governed by the +3 oxidation state, although complexes with for
instance Eu(Il) and Ce(IV) and Yb(II) have been reported [55, 62-64]. Owing to the
properties of the shielded 4f valence electrons, the lanthanoids share many characteristics.
They act as hard Lewis acids preferring hard Lewis bases such as O and F. Compared to the
d-block metal ions, they all show a rather low coordination stabilization energy, and
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complex formation as a result is mainly entropy-driven. Thus, polydentate ligands generally
give rise to stable complexes. The stability of the bonds increases gradually on going from
La(III) to Lu(III) as a result of the increased charge density on the smaller ions. Unlike
d-block ions, the lanthanoid ions do not show a preferred coordination geometry and the
bonding is mainly non-directional. The final geometry and coordination number are
therefore mostly governed by the steric demands of the ligands. For example, spectroscopic
evidence suggests that the early lanthanoids (La — Eu) form aqua complexes with a
coordination number of 9, while the later ions (Dy — Lu) give rise to complexes described
by [LH(H20)3]3+ [55]. This is a direct result from lanthanoid contraction. Coordination
numbers are reported to range from 2 to as high as 12 [60]. Care should be taken, though,
because the coordination of the cyclopentadienyl ligand is often counted as 1 [52]. A
coordination number of 8 is most commonly encountered for the lanthanoid ions. Lower
coordination numbers can be achieved by increasing the steric bulk of the ligands, while
higher numbers are accessible by using chelating ligands with a small coordination angle,
such as the nitrate ion.

1.6 Photophysical properties of the trivalent lanthanoid
ions

1.6.1 Electronic structure and energy levels
The interesting photophysical properties of the trivalent lanthanoid ions, such as the long
luminescence lifetime and line-like emission spectra, are a direct result of the 4f orbitals
being shielded by the 5s and 5p shells. The 4f orbitals are gradually filled on going from
La(III) to Lu(III), and the electronic configuration changes from [Xe]4f’ to [Xe]4f'*.
Depending on the number of electrons, there are several ways to distribute them over the 4f
orbitals. There are seven 4f orbitals, and each of them can hold two electrons, so there are a
total of 14 positions or spin-orbitals available for the electrons to occupy. It can be shown
that the number of possible arrangements (V) for distribution of n electrons over p orbitals
is given by equation 4.

N=—F “)
nl(p-n)!

The number of possible arrangements of the f electrons or microstates, for the trivalent
lanthanoid ions is given in Table 1.3.
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Table 1.3: Atomic number (Z), number of f-electrons and possible arrangements (N) and
ground state energy term for the trivalent lanthanoid ions.

Ln(1I) V4 41" N Ground term
La 57 0 1 'S,
Ce 58 1 14 ’Fs
Pr 59 2 91 *H,
Nd 60 3 364 Iy
Pm 61 4 1001 Ly
Sm 62 5 2002 SHs),
Eu 63 6 3003 "Fo
Gd 64 7 3432 S.
Tb 65 8 3003 "Fs
Dy 66 9 2002 H,s,,
Ho 67 10 1001 Iy
Er 68 11 364 Lisp
Tm 69 12 91 *He
Yb 70 13 14 Fop
Lu 71 14 1 'S,

Spectroscopic terms and free-ion levels
Some electron arrangements will be more favorable than others as a result of a number of
interactions that the electrons experience. By far the strongest interaction is the Coulomb
repulsion between the electrons, resulting in splitting of the configuration into
spectroscopic terms. The energy differences caused by this interaction are in the order of
10* cm™' [65]. A spectroscopic term is characterized by the total orbital angular momentum
(L) and total spin (S) corresponding to the distribution of the electrons. Following the
Russel-Saunders coupling scheme, both L and S can be found from the orbital angular
momentum (/) and spin (s) of the individual electrons by a vector sum, using equations 5

L=lL4+1L++1, 5)
S=5 45 ++5, (6)

A spectroscopic term has the general form 211, with L depending on L according to
Table 1.4, while the number 2S5 + 1 indicates the spin multiplicity of the term.

Table 1.4: Term symbols corresponding to the first seven values of L.

L 0 1 2 3 4 5 6 7
L S P D F G H I K
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Besides the Coulombic interaction that leads to splitting of a configuration into
spectroscopic terms, there is a weaker interaction that splits the terms further into levels. It
is the spin-orbit interaction, which results in energy differences in the order of 10° cm™'
[65]. The orbital and spin angular momenta of the electrons couple to give a total angular
momentum J. For a given term, J can take values according to equation 7.

IL-S|<]<|L+S| (7)

The number of levels within a given term is simply found from (2L + 1) x (25 + 1), and the
levels are described by symbols of the general form ** 'L,,. These levels are the so-called
free-ion energy levels, as up until here no influence of the environment has been taken into
account. The symbol corresponding to the ground state level can be found using Hund’s
rules in the order given below [66].

1. The ground state level has the largest spin multiplicity
2. The ground state level has the highest orbital angular momentum
3. The J-value of the ground state of a 4f" configuration is given by:
o J=|L-S|ifn<6
o J=Sifn=7
o J=|L+S|ifn>8

Crystal field splitting
When the lanthanoid ion is placed in a coordinating environment, a third and even weaker
interaction must be taken into account. It is the electric field produced by the coordinating
atoms, known as the crystal field, which results in splitting of the free-ion levels further into
Stark levels. The energy differences caused by the crystal field are in the order of a few
hundreds of cm™ [65, 66]. The maximum number of Stark levels for each free ion level
equals (2J + 1), but the exact number depends on the geometry of the coordination sphere.
As aresult, the 4f — 4f transitions of the trivalent lanthanoids can be used to probe site
symmetries, and the maximum number of Stark levels for a given site symmetry have been
tabulated [66, 67]. The Stark levels are labeled using the symbols of the irreducible
representations of the point group corresponding to the coordination polyhedron [65, 67].
Figure 1.6 schematically summarizes how the 4f° configuration split up as a result from all

interactions.

1.6.2 Radiative transitions and selection rules
Although the trivalent lanthanoids have numerous electronic microstates, as can be seen
from Table 1.3, the number of possible transitions between them is restricted by selection
rules. A photon can interact with the 4f electrons through its electric or magnetic
component. Since a photon cannot change the spin of an electron, the spin selection rule
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Configuration Terms Free ion levels Stark levels

454" HC Hso HCF

octom- L lor~wn

Energy (not to scale)

Figure 1.6: A schematic representation of the interactions that lead to splitting of the 4f"
configuration, here given (partially) for Eu’". From left to right: splitting due to Coulombic
interactions (Hc), spin-orbit coupling (Hso) and the crystal field (Hcr).

(AS = 0) easily follows. Interaction of the electron with the photon’s electric-field
component results in a net linear displacement of the electron. This phenomenon is known
as an electric dipole (ED) transition, because there is dipole moment associated with this
type of charge migration. Thus, transitions between s and p orbitals are allowed, because
they involve a spatial redistribution of the charge, while transitions between s orbitals are
forbidden. In the latter case, the charge shift has spherical symmetry and has no dipole
moment associated. More formally, the ED operator has odd parity, the parity of the initial
and final state of the electrons should be different. Hence, 4" — 4{” transitions are ED
forbidden, as / for none of the electrons changes during such transition. The odd parity of
the ED operator is illustrated schematically in Figure 1.7. The type of 4f" — 4f" transitions
that are allowed are the magnetic dipole (MD) transitions. Interaction of the photon’s
magnetic-field component with the trajectory of the electron results in a rotational
displacement of the entire trajectory. Transitions between s and p orbitals are MD
forbidden, because this would involve a change in parity. A transition from a p, orbital to a
py orbital is MD allowed; a chemist will readily recognize that this can be seen as a
rotation. Put more formally, the MD operator has even parity and it couples states of the
same parity. Therefore it is the only type of allowed transition on an isolated Ln(III) ion. A
pictorial representation of the effect of the MD operator and its even parity is given in
Figure 1.7.
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Figure 1.7: a) A schematic representation of the effect of an ED (left) and MD (right) operator on an
electron. The ED operator (thick arrow, E) results in a shift of the electron (thin arrow). The MD
operator (thick arrow, B) results in shifting the electron over a circular trajectory. b) the effect of the
inversion operation on the effect of the ED (left) and MD (right) operators. It can be seen that the
effect of the ED operator changes sign, as the direction of the arrow is inversed. Thus, it has odd
parity. For the MD operator, inversion does not invert the sense of rotation and so the MD operator
has even parity.

Lifting the selection rules: intermediate coupling
Following the above rules, only MD transitions would be allowed on an isolated lanthanoid
ion. However, the large spin-orbit coupling constant of the heavy atomic nucleus of the
lanthanoids also results in mixing of the free-ion levels for which |AL| =1 and |AS|=1 and
|AJ] = 0. This phenomenon is known as intermediate coupling and as a result, L and S are
only accurate quantum numbers to a certain extent. For instance, consider the Dy — 'F,
transition of Eu(III), which is usually the strongest band in the emission spectrum. This spin
forbidden transition should not occur according to the selection rules. The intermediate
coupling scheme however enables a pathway for lifting the restrictions imposed by the
parity and spin selection rules [68]. The °D, level (L =2, S =2, J = 0) mixes with the 'F,
level (L =3, S=3,J=0) and the 'F, level (L =3, S =3, J = 2) mixes with the D, level
(L=2,85=2,J=0). Thus, although the Dy level has still dominantly D, character, it also
has some "F, character, which helps alleviating the spin selection rule. The various types of
transitions and the corresponding S, L, J selection rules are listed in Table 1.5.

Lifting the selection rules: crystal field
Another mechanism lifting the ED selection rule is the crystal field splitting, resulting from
the electric field produced by the atoms surrounding the lanthanoid ion. If the crystal field
symmetry is highly non-centrosymmetric, the crystal field helps mixing some opposite
parity orbital character into the 4f orbitals. For example, some 5d character can be mixed
into the 4f orbitals, similar to the formation of hybrid orbitals such as sp’, sp> and sp on
carbon atoms. As a result, the orbitals no longer are purely 4f-type, which enables a
pathway for lifting the parity selection rule [68]. Transitions of this type are known as
forced ED transitions, because they are ‘forced’ by the crystal field. Their intensity
however is still only 10~ times that of a fully allowed ED transition.
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Table 1.5: Selection rules for several types of transitions and their properties [66, 68].

Type ¥ Parity AS AL AT Loy
ED Opposite 0 =1 0, +1 1
Forced ED Opposite 0 0, £1, 2, £3, +4, +5, 0, £1, 2, +£3, +4, +5, 10
+6; if L=0 or L ’=0: +6; if L=0 or L’=0:
+2, 44, +6 +2, +4, +6
MD Same 0 0 0, %1 10°°
EQ Same 0 0,+1,+2 0,+1,+2 107"

a) ED: Electric Dipole, MD: Magnetic Dipole, EQ: Electric Quadrupole. b) Typical intensity relative
to a fully allowed ED transition.

Hypersensitivity
Because the 4f orbitals are shielded efficiently from the surroundings, the intensity of the
majority of 4f — 4f transitions varies only within a factor of 2-3 in different host matrixes.
However, the intensity of some transitions can increase by as much as a factor of 200
depending on the host environment of the ion [69, 70]. These so-called hypersensitive
transitions obey the selection rules for electric quadrupole (EQ) transitions listed in Table
1.5, and are therefore also known as pseudo-quadrupole transitions [70]. An example of
such transition is the D, — F, transition on Eu(IIl). As of to date, there seems to be
disagreement on whether the °D, — Fg transition on Tb(III) exhibits hypersensitivity [69,
71].

1.6.3 Intensities of the transitions

Judd-Ofelt theory
A model for describing the intensities of the radiative 4f — 4f transitions of the lanthanoids
has been developed independently by B.R. Judd and G.S. Ofelt in 1962 [72, 73]. This
model is known as the Judd-Ofelt theory (JO theory), and it can be used to predict the
intensity of a transition in absorption and emission spectra, the relative contribution of a
transition to the luminescence spectrum and radiative lifetime of exited states [71, 74]. The
model is semi-empirical and relies on only three parameters. In the JO theory, the dipole
strength of a forced ED transition is expressed by equation 8.

Dgp =3221=2,4,6QA|(]||U/1||]’)|2 (8)

In equation 8, Q; represents the JO-parameters that are dependent on the matrix
surrounding the lanthanoid ion and the bracketed expressions are the squared reduced
matrix elements of which the value is independent of the lanthanoid ion’s host matrix.
Furthermore, the matrix elements are dimensionless, and their values have been tabulated
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[75]. In general, the rate 4 of a transition from an initial state of multiplicity J to a final
state with multiplicity J’ is given by equation 9.

_ 6antyd [n(nz+2)2

3
J=]" 7 3n2y+1) 5 Deptn DMD] )

In this equation, v represents the wavelength of the transition, J the multiplicity of the initial
state, # Planck’s constant and # the refractive index of the compound. The contributions of
the electric and magnetic dipole strengths to the transition are indicated by Dgp and D,p,
respectively. The first can be calculated from equation 8, while MD components can be
calculated and have been tabulated [71]. Typically, the calculations are performed in the
centimeter-gram-second (cgs) system of units, using the appropriate values for 4 and e as
listed in Table 1.6.

Table 1.6: conversion factors from cgs to SI and numerical values of useful constants [71].

Constant or unit Value Unit

h (Planck’s constant) 6.626-10 2 erg - s

e (elementary charge) 4.803-107"° esu

Dyip Dy — "F, on Eu(III)) 9.6-10* esu’ - em’
esu(=1erg” - cm') 3.336: 10" C
erg(=1g-cm’-s?) 1- 10”7 J

JO theory applied to Eu(Ill) emission
A special case arises for Eu(Ill) emission spectra. Given the emission spectrum of an
Eu(IIl) compound, calculation of the JO parameters is particularly straightforward. The
transition from the D, resonance level to the 'F; level is purely of MD nature, while the
Dy — 'F;, J=2, 4, 6 are purely of forced ED nature. Thus, based on equations 8 and 9, the
theoretical intensities for those transitions are given by equations 10 and 11.

_64mhB

Ag_1 = 3n n*Dyp (10)
64 4,3 ,2 ( 2+2)2 ,
A0—2,4-,6 = ”3Z ° %ZA:zA,aﬂﬂ U ||U/1||] ) |2 (11)

The remaining Dy — 'F,, J=0, 3, 5 transitions are forbidden in both ED and MD schemes
and are not accounted for by JO-theory. In practice, these are indeed very weak. The
squared reduced matrix elements required for evaluation of equation 11 can be found in
literature and they are given in Table 1.7 [75, 76]. Since all non-diagonal matrix elements
are zero, the sum in equation 11 reduces to a mere multiplication of the matrix element and
the JO-parameter.
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Table 1.7: Squared reduced matrix elements for analysis of the Eu(II) emission spectrum.

Transition U ok 1|
*Dy—'F, 0.0032 0 0
Dy—'F, 0 0.0023 0
Dy—"Fy 0 0 0.0002

The rate constant for the MD transition is readily calculated from equation 10, with Dy,p
given in Table 1.6, and equals approximately 49 s, Provided that the spectrophotometer
used to record the spectra has been corrected for the response of the detection system and
calibrated to present the relative photon flow, experimental intensities can be found by
integrating the corresponding lines in the spectrum [77]. The relative intensities of the

Dy — 'F,, J= 0 — 6 transitions with respect to the MD transition are easily found, and can
be used to calculate the value of 4, 5 using A, ; as a yardstick. Summing these rates gives
the total rate of radiative relaxation 4,,, as shown in equation 12.

Arga = Z]AO—] (12)

1.6.4 Non-radiative relaxation
Decay of the excited state of the trivalent lanthanoid ions occurs not only via the radiative
transitions described above; the energy can also be dissipated trough vibrations of the host
lattice or complex in a process known as multiphonon relaxation [78]. The efficiency of
this mode of relaxation depends on the size of the energy gap between the lowest lying
excited state and the highest level of the ground state multiplet. A large gap requires more
quanta to bridge it, making this mode of relaxation less favorable [51, 78]. A direct result of
this energy gap law is the fact that Ln(IIl) luminescence occurs mostly from only one level,
the resonance level, which is separated from the next lower lying level by a large energy
gap. For Eu(IlI), this is the "Dy level, which is separated from the "F4 level by
approximately 12,300 cm ', while for the Tb(III) ion the gap between the "D, and "F, levels
is approximately 14,800 em ' [79]. Higher excited states such as D and °D, of Eu(1II) are
efficiently relaxed to the °D, state by multiphonon relaxation, hence emission from these
levels is rarely observed. It should be pointed out that certain selection rules apply to
multiphonon relaxation processes, so the energy gap law cannot be used as an exclusive
benchmark for judging the efficiency of multiphonon relaxation [80].

Intrinsic quantum yield
The lifetime of luminescence can be obtained experimentally (t.,,); it contains
contributions of both radiative and non radiative relaxation processes. With the rate of the
radiative processes calculated using equation 12, the total rate of non-radiative relaxation
processes can be calculated and expressed as 4,,,,. Now, the total rate of depopulation of
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the lanthanoid excited state, 4,,;, can be expressed as A4;,, = A,4q + A,raq- The relation
between t,,, and 4, is simply 4,,, = (rexp)’l, and equation 13 follows.

1 1 1
Apor = — = + (13)

Texp Trad Tnrad

The ratio between the rate of radiative relaxation and the total rate of relaxation is known as
the intrinsic quantum yield @, of the lanthanoid ion given by equation 14 [60, 81].

_ Arad _ Texp
o, =——=—= (14)
Atot Trad

1.7 Luminescent lanthanoid complexes

1.7.1 Historical notes
The study on luminescent lanthanoid complexes was initiated in 1942, when Weissman
observed very intense luminescence characteristic for Eu(IIl) from crystals of europium
salicylaldehyde when the compound was excited in the ligand-centered absorption band
[82]. He realized that “excitation of the internal electronic system of the europium is
provoked by light absorption in a region external to it”. In 1957, Crosby observed similar
behavior for an Yb(III) complex, and later also for complexes of Sm(I1I), Tb(III), Dy(III),
Tm(III) and Yb(III) [83, 84]. In many cases, the luminescence that was observed upon
ligand excitation was much brighter than that observed using direct excitation of the 4f
manifold. The first extensive review on the subject was written by Crosby in 1966 [85]. In
the early 1980s, research on luminescent lanthanoid complexes got a new impulse because
it was realized that the compounds could be useful as medical imaging agent [86-88]. From
that moment on, the photoluminescence of lanthanoid coordination compounds became a
widely studied subject. The phenomenon of ligand-centered excitation of lanthanoid-
centered luminescence became known as the antenna effect [88, 89].

1.7.2 Intramolecular energy transfer
Thanks to the ligand the lanthanoid center can be excited without having to rely on direct
excitation using the forbidden 4f «— 4f transitions. The mechanism for this process is
schematically shown in Figure 1.8 [51, 60, 90, 91]. It involves excitation of the ligand by
means of an allowed transition. It is generally accepted that the ligand subsequently
undergoes intersystem crossing (ISC) to an excited triplet state, followed by ligand-to-
lanthanoid energy transfer. The lanthanoid ion will relax to its ground state as described in
section 1.6, either radiatively or non-radiatively. At any stage of the transfer cascade,
quenching may occur, reducing the luminescence efficiency. The overall quantum
efficiency, @, of this process is described by equation 15 [51, 60, 90].

Dior = Prgc X Ppp X Oy (15)
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In this equation, @5, @rrand @;,, represent the intersystem crossing, energy transfer and
the lanthanoid ion’s intrinsic quantum yields, respectively. The product of the first two is
often referred to as the sensitizer efficiency 1ens = @isc * Dgr, while @;, can be found from
equation 14. Experimental evidence indicates that the energy transfer involves the triplet
excited state of the ligand [83, 84, 88, 92, 93]. Although relaxation from the S* to the T*
state of the ligand is spin-forbidden, the large spin-orbit coupling constant from the
lanthanoid ion greatly aids in this process [51, 60, 91, 94]. Ligand to lanthanoid transfer
directly from the singlet state cannot be ruled out completely, though, and has been
reported [85, 88, 95, 96]. The ligand-centered energy levels in a lanthanoid complex can be
determined by recording the absorption and emission spectrum for the Gd(II) analogs. As
the first excited state of the Gd(III) ion, %p,, at 32,150 cm , is generally much higher than
the triplet state of a ligand, ET is not possible and the compound will exhibit ligand-
centered phosphorescence from the T* state [60, 97-99].

S %
A
LMCT
ISC D,
T* D,
E\ SDO
f p vib
S v v v ’F,
Ligand Eu(IlI)

Figure 1.8: Jablonski diagram describing the energy transfer cascade in luminescent lanthanoid
complexes. The preferred transfer pathway is indicated with uninterrupted arrows; quenching is
indicated using dashed arrows. S/S*: singlet ground- and excited state, T*: triplet excited state, ISC:
intersystem crossing, LMCT: ligand-to-metal charge transfer band, AE: energy gap, f: fluorescence,
p: phosphorescence, vib: vibrational quenching.

Ligand to lanthanoid energy transfer
To describe energy transfer from the ligand to the lanthanoid ion, both Forster and Dexter
type mechanisms can be invoked [51, 100-102]. Both transfer mechanisms are
schematically shown in Figure 1.9. The Dexter mechanism involves a double electron
transfer between the donor and acceptor and thus requires good overlap between the metal
and ligand orbitals [103]. As a result, it is only efficient at very small distances between the
ligand and the lanthanoid ion. In the Forster mechanism, the dipole moment of the ligand’s
excited state couples with that of the lanthanoid 4f levels [104]. For efficient Forster
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J = e A 4— , Lot

Figure 1.9: Schematic representation of Dexter (left) and Forster energy transfer mechanisms
between the ligand and the lanthanoid ion. Transfer of electrons between the ligand and lanthanoid
ion are indicated by solid arrows, dotted arrows indicate electronic processes within the ligand or
lanthanoid ion.

transfer, large oscillator strengths are required. The group of Malta has derived a set of
selection rules for Forster and Dexter type energy transfer mechanisms in luminescent
lanthanoid complexes [97, 102]. Soon after the discovery of the antenna effect, it was
realized that the level of the ligand-centered excited state with respect to the lanthanoid-
centered resonance level plays an important role in the energy transfer process [84].
Systematic studies have shown that the energy gap between the T* state and the accepting
level of the lanthanoid ion should be less than 1,850 cm ™' for efficient transfer [93]. That is,
there should be a match between the ligand donor level and lanthanoid acceptor level. This
match can be expressed as the spectral overlap in the Forster and Dexter transfer
mechanisms [103-105]. If the gap is too small, thermally-assisted energy back-transfer may
take place, providing a way of quenching the lanthanoid luminescence [51, 60, 86]. Another
quenching pathway occurs in complexes based on lanthanoid ions having a low reduction
potential, such as Eu(Ill) and Yb(III) (see 1.5.3) combined with a ligand that is easily
oxidized [88]. In these compounds, ligand-to-metal charge transfer (LMCT) states may
occur at levels sufficiently low to allow competition with L* — Ln energy transfer and thus
cause quenching [51, 98, 106-108]. A theoretical framework describing energy transfer
processes and the role of the LMCT state has been developed by Malta and co-workers
[102, 106, 109-111].

Lanthanoid luminescence and quenching
Provided that the lanthanoid excited state is fed by the ligands, the complex should exhibit
luminescence typical for the lanthanoid ion. As discussed in section 1.6.4, luminescence
may be quenched by multiphonon quenching. In lanthanoid complexes, these phonons exist
as high energy vibrational modes of C—H, O—H and N-H bonds [54, 86, 112]. As a rule of
thumb, multiphonon relaxation is efficient if AE of the energy gap between two lanthanoid
centered levels is equal to or smaller than six vibrational quanta [54, 113]. Considering C—
H and O-H vibrations in the ligand, at 2,950 and 3,450 cm ' respectively, it follows that
these are efficient quenchers of Eu(IIl) and Tb(IIT) centered luminescence. Indeed, it is
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known that water molecules in the first coordination sphere of Eu(Ill) are highly efficient
luminescence quenchers. As the vibrational relaxation competes with the radiative route, its
effectiveness may be assessed by recording the luminescence lifetime of the compound
[112-114]. A suggested way of suppressing this mode of quenching is to replace the C—-H
and O—H bonds by C-D (v =2,100 cm "), C-F (v= 1,200 cm ") and O-D (v =2,500 cm )
bonds [86, 115]. Meshkova et al. have demonstrated that substitution of the central C—H by
a C-D bond in the B-diketone type ligand of a luminescent Yb(III) complex leads to an
increase of the luminescence lifetime by 10 to 20% [112].

1.7.3 Examples of luminescent lanthanoid complexes
Several approaches have been taken to develop lanthanoid complexes showing highly
efficient luminescence, and several reviews have been devoted to this subject in the past
two decades [51, 60, 81, 86, 91, 97, 108, 115, 116]. The number of (potential) applications
is large; besides use as phosphor materials (section 1.7.4) luminescent lanthanoid
complexes can be used as, for example, imaging agents, biomarkers, immunoassays, pH
sensors and O, sensors [81, 108, 117-119]. Suitable antenna ligands have hard donor atoms,
and often have conjugated or aromatic systems to allow efficient light absorption at the
desired wavelengths.

Complexes with [-diketonates
The B-diketonates constitute a very important class of ligands for luminescent complexes;
the frequently used structures are shown in Figure 1.10. Several -diketonates were used in
the early studies by Weissman and have been the subject of several studies devoted to
unraveling the energy transfer mechanism [82, 120-122]. Also in more recent studies
B-diketonates continue to be used as ligands, and an extensive review on this class of
compounds has been written by Binnemans [123]. Three -diketonate ligands in their
deprotonated form are required to counterbalance the positive charge on the lanthanoid
ions. The coordination sphere is not saturated in such compounds, and solvent molecules
will coordinate to the lanthanoid ion. To prevent this, a second ligand can be added to the
reaction mixture to expel water and reduce quenching. If the ligand has an aromatic system,
such as 1,10-phenanthroline, it may even act as an antenna. Examples of frequently used
secondary ligands are shown in Figure 1.11. Homoleptic tetrakis-diketonato complexes can
be prepared by employing a 1:4 metal-to-ligand ratio during synthesis. Depending on the
synthetic strategy, the necessary cation can be provided by protonation of the base, e.g. the
use of triethylamine gives HNEt;[EuL,], or by using NaOH to deprotonate the -diketone
and addition of a chloride salt of the cation, such as NEt,Cl [123, 124]. Alternatively, a
quaternary ammonium hydroxide may be used as a base and source of the cation [125].
Other examples of counter ions used include the tetraphenylphosphonium,
tetraphenylarsonium, 1,3-disubstitited imidazolium, morpholinium and
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Figure 1.10: Examples of some widely used p-diketone ligands. From left to right: acetyl acetone
(Hacac), trifluoroacetyl acetone (Htfac), 2-thenoyltrifluoroacetone (Httfa),dibenzoylmethane (Hdbm).

N-methylpyridinium ions [123, 124, 126-129].The B-diketonate ligands are highly efficient
at sensitizing luminescence of the Eu(Ill) ion, because the triplet states closely match the
ion’s resonance level [97]. At approximately 21,000 cm ', the triplet state is too low for
efficient population the D, level of the Tb(III) ion so that luminescence is rarely observed
for Tb-dbm complexes, although exceptions have been reported [130]. Substituents on the
ligand allow for tuning it to the metal, and can have a profound impact on its antenna
properties [120]. In case of the tetrakis complexes, it was found that the cation provides
additional handlebars for changing the luminescent properties of a given complex [124].
The highest luminescence quantum efficiency reported for a luminescent Eu(IIl) complex
in the solid state is 85% for [Eu(ttfa);(dbso),], (ttfa = trifluoroacetylacetonate; dbso =
dibenzylsulfoxide) reported by Malta ef al. [131]. For comparison, the quantum yield of
[Eu(ttfa);(H,0),] is found to be only 23%, illustrating efficient quenching by the water
molecules [132]. Very high photoluminescence quantum yields have also been reported for
HNEt;[Eu(dbm),] at 75% [133]. Highly luminescent europium complexes can be obtained
using this class of ligands; the compounds are however prone to photobleaching under UV
radiation [123]. For example, Malta et al. have studied the temporal photoluminescence
intensity of [Eu(tta);(dbso),], and found that after 50 hours of irradiation at 400 nm, the
luminescence intensity had dropped to 30% of its initial value [134].

eGP0 0% oo

Figure 1.11:Examples of frequently used secondary ligands in lanthanoid(Ill) tris(dbm) complexes.
From left to right: 1,2-dimethoxyethane (monoglyme), 1,10-phenanthroline (phen), 2,2 -bipyridine
(bpy), triphenylphosphineoxide (tppo), dibenzylsulfoxide (dbso).

Small aromatic ligands
Many different and relatively small aromatic polydentate ligands can be successfully used
to give photoluminescent lanthanoid complexes. For example, picolinates, salicylates,
aromatic carboxylates and derived molecules have been used. Examples of such ligands are
given in Figure 1.12. As with the B-diketonates, multiple ligands are required to saturate the
coordination sphere around the central ion. Highly stable lanthanoid complexes showing
very bright luminescence have been reported. For example, [Eu(pbca);] (pbca =
4-phenyl-2,2’-bipyridine-5-carboxylate) has a luminescence quantum yield of 60%, while
this figure for [Tb(pbca);] is only 7% [135]. The complex [Eu(bpc);]*CH;CN (bpc =
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6-(1H-benzimidazol-2-yl)pyridine-2-carboxylate) is again very efficient at 61% quantum
efficiency [136]. 2,6-Dipicolinic acid (H,dpa) efficiently sensitizes both Eu(III) and Tb(III)
centered luminescence, with quantum efficiencies of 72% and 68%, respectively [137].
Long luminescence lifetimes have been reported for complexes with the related amide
ligand 2,6-pyridine-dicarboxamide (H,pcam), shown in Figure 1.12b: 1.9 ms for
[Eu(pcam);](CF;S03); and 2.2 ms for its Tb(III) analog [138]. While Eu(III) salicylates are
often found to exhibit weak photoluminescence due to the presence of a low-lying LMCT
state, the dinitro-substituted ligand (Figure 1.12c¢) is found to give Eu(II) complexes
exhibiting very bright photoluminescence. This effect is explained by the increase of the
energy of the LMCT state by the electron-withdrawing nitro group [139, 140].

a) b)
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Figure 1.12: Overview of small aromatic ligands used in luminescent lanthanoid complexes. Shown
are (a) 2,6-dipicolinic acid, H,dpa, (b) 2,6-pyridine-dicarboxamide, Hypcam, (c) 3,5-dinitrosalicylic

acid, H,3,5-NO5-sal, (d) 6-(1H-benzimidazol-2-yl)pyridine-2-carboxylic acid, Hbpc, and (e)
4-phenyl-2,2 -bipyridine-5-carboxylic acid, Hpbca [135-138, 140-142].
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Molecular cages
As complex formation is mostly entropy driven for lanthanoid ions, a successful strategy
towards a stable complex is to use polydentate ligands that are able to fully encapsulate the
lanthanoid ion. For luminescent complexes, one may distinguish ligands with chromophoric
chelates and ligands with pendant chromophores [100]. The first have the antenna-part
coordinating directly to the lanthanoid ion, while the latter have an antenna part that does
not necessarily coordinate to the ion directly. Instead, the chromophore is attached to a
ligand such as 1,4,7,10-tetraazacyclododecane (cyclen) (Figure 1.13b and c) or 1,4,7-triaza-
cyclononane (TACN). When the antenna-part of the ligand is unable to coordinate to the
lanthanoid ion, as for the ligand shown in Figure 1.13c, energy transfer is only possible via
the through-space Forster-type mechanism [100, 104]. Ligands of the chromophoric chelate
type bind to the lanthanoid ion through atoms that are part of the chromophore (Figure
1.13a, d and e) and allow both Forster and Dexter type energy transfer mechanisms [100,
103, 104]. Both the pendant chromophore and the chromophoric chelate approach towards
cage-type ligands have led to lanthanoid complexes showing efficient photoluminescence.
For example, the ligand in Figure 1.13d gives rise to Eu(III) and Tb(III) compounds that
exhibit quantum yields in D,0 of 20% and 35%, respectively [89]. The ligand shown in
Figure 1.13e forms a Tb(IIT) complex with a photoluminescence quantum yield of 61% in
H,O, while the analogous Eu(IIl) complex only manages to reach 6% [143].
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Figure 1.13: Examples of cage-type ligands used for photoluminescent Eu(Ill) and Tb(IIl) complexes.
Ligands a, b, d and e and f belong to the chromophoric chelates category, while ligand c is an
example of an antenna ligand with a pendant chromophore [89, 98, 143-146].

Metal organic frameworks
Thus far only isolated, mononuclear complexes have been considered. It is however
perfectly possible to synthesize luminescent metal organic frameworks, or MOFs, using the
lanthanoid ions. Typically, the ligands contain several groups that allow them to form
bridges between the metal centers, thus forming an extended network of interlinked
complexes. An overview of ligands that have been used in the preparation of
photoluminescent lanthanoid(IIT) based MOFs is given in Figure 1.14. Synthesis of these
compounds is usually performed under solvothermal conditions, that is, the reaction
mixture is heated well above the solvent’s boiling point in a pressure vessel. Alternative
pathways, however, relying on a microwave or a carefully chosen mixture of solvents at
room temperature have been reported [147-149]. An interesting feature of MOFs is
demonstrated by Kerbellec and co-workers. They have reported luminescence for both
[Euy(bdc);], and [Tby(bde)s], (bdc = 1,4-benzenedicarboxylate) with quantum efficiencies
of 12% and 26%, respectively [150]. More recently, they found that it is possible to use a
mixture of Eu(III) and Tb(III) ions in the reaction mixture, which allowed them to change
the emission color from green to red by varying x in [(Eu, ,Tb,)(bdc);], [151]. Inclusion of
other metal ions such as Ca(II) and Na(I) to provide additional cross-links within the
structure has proven to be successful, too [152, 153].
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Figure 1.14: Overview of ligands that have been used for preparing MOF's with Ln(Ill) ions. (a) 2,6-
dipicolinic acid, 2,6-H,dpa, (b)2,5-H,dpa, (c) 3,4-H,dpa, (d) 4-hydroxylpyridine-2,6-dicarboxylic
acid, Hypdec, (e) thiophene-2,5-dicarboxylic acid, Hytbe, (f)1,3-isophthalic acid, 1,3-Hipa, (g)
1,4-benzenedicarboxylic acid, Hybdc, (h) 5-NH,-1,3H,ipa, (i) 5-NO,-1,3H,ipa, (j)
1,3,5-benzenetricarboxylic acid, H;btc [149-152, 154-162].

1.7.4 Lanthanoid complexes as phosphor materials
The requirements for LED-phosphors listed in section 1.4.3 must be met before application
in commercial LEDs can be considered. The use of europium(IIl) complexes as actual
phosphors in LEDs has been demonstrated recently [163-166]. The complexes used are all
of the B-diketonate type, and show quantum efficiencies ranging from 16% to 34% and in
each case an LED emitting at 395 nm was used. Most of these investigations concern a
single phosphor converted red In:GaN-based LED. Wang and co-workers have prepared a
white LED using a europium complex as a red phosphor together with BaMgA;0,7:Eu(Il)
as a blue and ZnS:Cu(I): Al(IIT) as a green phosphor [166]. Still, the quantum yields of the
complexes used were relatively low, and need to be improved. In addition, long term
stability of the complexes must be ensured. The -diketonate complexes are known to be
prone to photobleaching, which may severely reduce the lifetime of the final SSL device
[123, 134, 167].

Comparison with solid state phosphors
The phosphor materials that are widely used as of to date are typically based on inorganic
oxides. As discussed in section 1.4.2, these materials are highly efficient and stable.
However, they cannot be efficiently excited in the nUV range. Present research on
developing new solid state phosphors appears to focus on Eu(II) based compounds [40, 41].
The emission color of these compounds is governed by the crystal field splitting of the
excited 4£°5d" configuration of the ion’s excited state. While the broad band emission of the
Eu(Il) ion is not problematic for blue and green emitting phosphors, it is a problem for the
red phosphor as deep-red emission contributes very little to the perceived light output
(sections 1.3.1 and 1.4.3). Owing to its sharp emission line at 614 nm, the Eu(III) ion is a
suitable emitter for creating an efficient phosphor. Recent investigations on suitable host
materials for the Eu(IIl) ion focus on the use of molybdates and tungstates and are aimed at
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shifting the lattice absorption into the nUV region. Generally, these compounds are claimed
to be efficient red phosphors for nUV LEDs [168-171]. This is a doubtful statement,
because excitation in the nUV region relies on the 4f « 4f transitions on the Eu(II) ion
centered at 395 nm [172]. Although these transitions usually appear to be strong in the
excitation spectra, they are in fact weak due to their forbidden nature (section 1.6). This is
illustrated by the diffuse reflectance spectra for LIEu(WOy), «(M0QOy),, in which the 4f — 4f
transitions are weak compared to the allowed charge transfer band, although they are very
intense in the excitation spectrum [171]. Other major drawbacks, making oxide type
materials relatively expensive, are the synthesis temperatures and the required purity of the
starting compounds. A typical synthesis of Ce:YAG involves temperatures in excess of
1500 °C [33]. High purity starting compounds (> 4N) are needed to avoid luminescence-
quenching defects in the final phosphor material. For example, the photoluminescence
quantum yield of Y,05:Eu is reduced by as much as 7% in the presence of only 5 ppm Fe**
impurity [20, 173]. Finally, a cost-effective method for recovery of the lanthanoids from
oxides is still to be found [174-177]. Recycling of the lanthanoids has recently become
attractive as China, which presently produces over 90% of all rare earths, has tightened its
export quota [58, 176, 178]. Lanthanoid complexes are the class of compounds that can
overcome these problems. Synthesis is typically performed at relatively low temperatures
(<200 °C) and owing to the molecular nature of lanthanoid complexes, there is no need for
highly pure reactants. Both properties can substantially reduce production costs. In
addition, the lanthanoids can be recovered by simply burning off the ligands. The
absorption properties can be tuned to match the excitation source by making small
modifications to the ligand, for instance by introducing substituents, while the favorable
luminescent properties of the lanthanoid ion are retained. The main shortcomings that must
be overcome before application of lanthanoid complexes as a phosphor material can be
considered are the typically low quantum efficiency and poor long-term stability [123, 134,
165, 179, 180]. As described in section 1.7.3, exceptions to these general notions have been
reported, justifying further research on the use of lanthanoid complexes as phosphor
materials in LEDs.

1.8 Aim and scope of this thesis

Despite the many efforts to red-shift the excitation band of oxide-based phosphor materials
to the nUV spectral region to allow for application in PC-WLEDs, no suitable material has
been identified. The aim of the work described in this thesis is to synthesize complexes of
Eu(III) and Tb(III) ions with ligands capable of efficient sensitization of luminescence of
those ions upon excitation in the nUV region. In the present chapter, an introduction into
the subject is given, as well as a description of the problems. In Chapter 2, the synthesis of
derivatives of 1,10-phenanthroline as ligands to Eu(III), and the photophysical properties of
the complexes with these ligands are described. In Chapter 3, the synthesis and
photoluminescent properties of Eu(Ill) and Tb(III) compounds with novel small aromatic
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ligands, giving rise to metal-organic frameworks (MOFSs), are discussed. Another class of
complexes using small ligands is discussed in Chapter 4, where phenol-type molecules are
used to sensitize both Eu(I1l) and Tb(III) luminescence. In Chapter 5, the
photoluminescence of Eu(Ill)-complexes with several substituted dibenzoylmethanates is
discussed, and the influence of the counter ions is demonstrated. Chapter 6 concerns the
photo and triboluminescent properties of the series HNEt;[Eu(dbm),]. Chapter 7 contains a
summary of this work, some concluding remarks and the future prospects. Appendix A
deals with some details on photoluminescence quantum yield determinations.

Parts of this thesis are submitted for publication [181-185] or are in preparation.
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