
CRITICAL REVIEWS

in Electrochemical and Solid-State Science and Technology

Selecting Conversion Phosphors for White Light-Emitting
Diodes

Philippe F. Smet,*
,z

Anthony B. Parmentier, and Dirk Poelman

LumiLab, Department of Solid State Sciences, Ghent University, 9000 Gent, Belgium

Light emitting diodes (LEDs) are on the verge of a breakthrough in general lighting, due to their rapidly improving efficiency. Cur-
rently, white LEDs with high color rendering are mainly based on wavelength conversion by one or more phosphor materials. This
Review first describes how to quantify the quality of a light source, discussing the color rendering index (CRI) and alternative color
quality indices. Then, six main criteria are identified and discussed, which should be fulfilled by a phosphor candidate to be
considered for actual application in LEDs. These criteria deal with the shape and position of the emission and the excitation spectra,
the thermal quenching behavior, the quantum efficiency, the chemical and thermal stability and finally with the occurrence of
saturation effects. Based on these criteria, the most common dopant ions (broad-band emitting Eu2þ, Ce3þ and Mn2þ, line-emitting
rare earth ions,. . .) and host compounds (garnets, sulfides, (oxy)nitrides,. . .) are evaluated. Although many phosphor materials have
been proposed in literature in recent years, the number of phosphors effectively fulfilling all six requirements is relatively small.
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The history of light emitting diodes (LEDs) goes back more than
a century. Already in 1907, H. J. Round published on light emission
from a silicon carbide junction diode, the first light emitting diode
(LED) ever. Independently, Losev observed emission from ZnO and
SiC diodes, as published in 1927.1 At that time, the potential of the
technology was not realized and the inventions remained largely
unnoticed. It was not until 1962 that the first practical visible spec-
trum LED was developed, by Nick Holonyak at General Electric. In
the decades that followed, LEDs were used extensively in numerical
displays and signaling applications. However, only around 1995
high brightness and blue LEDs were developed, which made it pos-
sible to use LEDs for general lighting.

Nowadays, LEDs use a mature technology which can compete
with the traditional incandescent and (compact) fluorescent lamps
(Fig. 1).2 They have numerous advantages over the latter, such as
small size, high lifetime, robustness, fast switching and an efficiency
which starts to approach the theoretical limits. It is well recognized
that the widespread replacement of (incandescent) lamps by higher
efficiency light sources will lead to a considerable reduction of the
worldwide electricity consumption, corresponding to the energy pro-
duced by about 140 power plants of average size in the US alone, for
a 40% market penetration and an luminous efficacy of 150 lm=W.3

The current attention to energy saving and reduction of CO2 emission
in the atmosphere should therefore give an additional boost to the de-
velopment of LEDs for lighting. Remaining disadvantages of LEDs
are the need for extensive cooling of high power devices (ultimately
limiting the maximum power per LED chip), the need for current
driving and the lack of high color quality white LEDs. Such white
LEDs are typically made starting from a blue emitting LED and con-
verting part of its light to green and red by means of one or more
phosphor materials. There are only a limited number of phosphor
materials known that are suitable for this wavelength conversion. The
present review is focused on six main performance requirements for
state-of-the-art color conversion phosphors:

1. An emission spectrum that, in combination with the emission
of the other components (LED, other phosphors), leads to a pure
white emission with a specific color rendering and color
temperature.

2. An excitation spectrum showing good overlap with the pump-
ing LED and large absorption strength.

3. An emission spectrum, excitation spectrum and a quantum
efficiency that remain unchanged at elevated temperature.

4. A quantum efficiency approaching unity, thus maximizing the
overall electrical-to-optical conversion efficiency of the entire LED-
phosphor package.

5. An excellent chemical and temperature stability.
6. Absence of emission saturation at high fluxes.

This review paper is structured as follows. First important pa-
rameters related to the determination of the color quality (i.e. how
naturally are colors reproduced under illumination with an artificial
light source) and the efficiency of a light source, as perceived by the
human eye, are discussed. Next, two different approaches to obtain
white light sources using LEDs are discussed: the RGB-method
using three LEDs and the phosphor-converted LED (pcLED). For
the latter, differentiation is made for blue and UV pumping LEDs.
Then the six abovementioned requirements for LED conversion
phosphors are elaborated. Finally, several classes of phosphor mate-
rials are evaluated against these requirements and future directives
are given. In conclusion, we will show that the future for LEDs is
bright, but that the number of currently available high-performance
conversion phosphors is still limited, in spite of the large number of
‘new’ host-dopant combinations that have been recently reported.
Research into photoluminescent materials should therefore continue,
albeit with a more focused approach, to which this Review hopes to
contribute.

What is the ideal light source and how to quantify it?

When looking for the ‘ideal’ emission spectrum of LEDs we will
limit ourselves to general lighting applications, both indoors and
outdoors. Of course, it is theoretically possible to use any visible
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spectrum, or even monochromatic light, for lighting. However, we
will specifically aim for white light only, as this is the type of light
with the most universal applications. In addition, it is the type of
light source that can be used as a replacement of incandescent,
quartz halogen or CFL (compact fluorescent) lamps.

In order to determine whether the spectrum of a light source is suit-
able for general lighting, three main evaluation criteria can be consid-
ered: the efficiency of the radiation (not radiometric but as perceived
by the human observer), the color quality of the light and the absence
of harmful radiation. Finally, the color quality of a light source is
revisited, and the ‘traditional’ CRI (color rendering index) approach is
compared to recent approaches, such as the CQS (color quality scale).

The luminous efficiency of the radiation.— The LER or luminous
efficiency of the radiation, in lumen per watt, is a parameter describ-
ing how bright the radiation is perceived by the average human eye.
It scales with the eye sensitivity curve V(k) (Fig. 2) and can be cal-
culated from the emission spectrum I(k) as:

LERðlm=WÞ ¼ 683lm=W �
Ð 830nm

360nm IðkÞVðkÞdkÐ 830nm
360nm IðkÞdk

[1]

As the eye sensitivity peaks at 555 nm, the highest possible LER
(683 lm=W) is obtained from monochromatic – green – radiation at
555 nm. Therefore, 683 lm=W is the highest possible efficiency that
can ever be obtained from a light source: When 100% of the electri-
cal power is converted to light at a wavelength of 555 nm, the effi-
ciency of the light source is 683 lm=W. Any other spectrum will
yield a lower LER, as the human eye is less sensitive for other

wavelengths. For obtaining white light, emission in the red and blue
is necessary (which we will discuss in detail later), so the LER of
white light is significantly lower than 683 lm=W, being in the order
of 350 lm=W. In general, one has to find a compromise between
high LER and good color quality of the light source, as discussed in
Ref. 4. Alternative abbreviations for LER have been used, such as
the PSLE (photopic spectral luminous efficacy).5

At very low light levels, typically below 1 cd=m2, the rods of the
retina, responsible for night vision, start to play a role. The peak
sensitivity of the rods lies at lower wavelength, at 504 nm (Fig. 2),
and they are much more sensitive than cones. Thus the human eye
sensitivity gradually shifts from photopic vision at high light inten-
sities to scotopic vision in the low light level regime. In the interme-
diate range, called the mesopic regime, the intensity and wavelength
sensitivity changes in a complex way, making it difficult to describe
eye response in an accurate way.6,7 As in the majority of lighting
applications, the observed light intensity is well into the photopic
range, we will not bother with the complexities of mesopic and sco-
topic vision in the present discussion.

The color ‘quality’ of the light source.— Since the work of the
CIE in the early 20th century, culminating in the publication of the
CIE standard observer in 1931, it is well known how to obtain a spe-
cific color (specified by its color coordinates (x,y)) from a set of pri-
mary sources. This is the basis of modern display technology: suita-
ble blue, green and red (RGB) primary colors can be combined to
form any color within the triangle, formed by the color coordinates
of the 3 primaries. White emission is then obtained by combining all
3 primaries in suitable amounts. Basically, a set of 3 primary sources
with the correct color coordinates (specified in standards by institu-
tions like the EBU, the European Broadcasting Union and SMPTE,
the Society for Motion Picture and Television Engineers) is all that is
needed to make a color display: the specific emission spectrum of the
primaries is not important, only its color coordinates. Therefore,
good color rendering of emissive displays is a relatively easy job.

Making a good light source for general illumination is much more
difficult. The human eye responds in such a way to optical stimuli
that there is no ‘one to one’ correspondence between a spectrum and
the observed color. Indeed, two lamps can look, for example, equally
white but have a completely different emission spectrum. Although
the lamps may look the same when viewed directly, they are not
equivalent (even if they possibly have the same LER). We will dis-
cuss the color quality of light sources in detail after the discussion of
the radiation safety of light sources.

Radiation safety.— We will not be concerned with electrical
safety or problems of hazardous waste, although the latter has been
the subject of recent debate, as CFLs (compact fluorescent lamps)
typically contain minute amounts of mercury.8 The question here is
whether the lamp emission spectrum is safe and healthy to human,
animal and plant life. The first and main concern is whether there is
any ultraviolet emission from the lamp which could be harmful.
Lamps for sun beds obviously pose a potential risk,9 but white fluo-
rescent lamps have also been investigated for their UV safety. How-
ever, based on the guidelines for exposure limits to ultraviolet radia-
tion,10 it was concluded that skin exposure to fluorescent lighting
does not pose any problem except for very photosensitive people, as
the average UV dose from fluorescent lamps is only of the order of
5% of the dose received from daylight exposure.11 In a recent study
of a large number of commercially available CFLs by Khazova
et al.,12 it was concluded that CFLs with single glass envelopes do
pose a certain potential risk of skin overexposure at close proximity
to the lamp. In view of the present review, we should have a look at
the potential risks involved in the use of phosphor converted UV
LEDs. Assuming an LED with an emission wavelength of 395 nm,
the integrated maximum exposure limit for an 8 h exposure per day
is about 80 J=cm2 or 3 mW=cm2.10 As much higher power densities
than 3 mW=cm2 are available from modern 395 nm LEDs, it is clear
that the 395 nm radiation should be well absorbed by the

Figure 2. Normalized spectral eye sensitivity curves for photopic vision V
(k) (full line) and scotopic vision V’(k) (dashed line), as specified by the CIE.

Figure 1. (Color online) The history of the luminous efficacy in incandes-
cent, halogen, fluorescent and sodium-vapor lamps and white LEDs. Adapted
from Ref. 2. Copyright IOP publishing. Reproduced with permission.
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wavelength conversion materials, or that a minimum distance from
the source should be observed. As the human eye sensitivity is
extremely low at 395 nm, the direct radiation hardly contributes to
the perceived brightness of the light source anyway.

Also for white LEDs, eye safety should be considered. Although
the power of LEDs is currently limited to only a few watt per chip,
leading to a limited irradiance (in W=m2) or, in photometric units,
illuminance (in lux), LEDs are close to point sources. Consequently,
the corresponding radiance (in Wm�2sr�1) or luminance (in cdm�2)
can be quite large.

The maximum allowed long-term exposure of the human eye is
specified as 100 Wm�2sr�1, at a wavelength of 440 nm.13 This limit
relaxes to higher values for lower and longer wavelengths (therefore
the name ‘blue-light hazard’). Even while typical high power white
and blue LEDs only reach radiances of the order of 10 Wm�2sr�1,
their emission is considered having a ‘moderate risk’.14 Indeed, for
point sources with an apparent size of less than 11 mrad (a 1 mm
spot seen from a distance of 9 cm), the exposure limit for ‘low risk’
is specified in irradiance units as 100=t Wm�2, with t the exposure
time in seconds, and 0.01 Wm�2sr�1 for times longer than 10000 s.
Modern LEDs reach values well in the 10 Wm�2 range and thus are
considered unsafe. Nevertheless it can be assumed that the observer
will not be staring at the light source for a long time due to normal
eye movements, and therefore the radiation will be spread over the
retina with time. Due to the natural aversion response, long expo-
sures are unrealistic and the actual risk is low. As bare LED chips as
light sources are obviously unsafe when deliberately stared at, it is
imperative that fixture designers take care of sufficiently shielding
the direct view of the LED.

Next to these direct radiation hazards, a number of clinical investi-
gations have been performed on the physiological effects of certain
types of visible radiation. For example, it was found that exposure to
short-wavelength light at around 460 nm is effective in suppressing
melatonin secretion.15 As melatonin, being produced during the
sleeping phase, plays an important role in controlling the circadian
system,16 lighting designers should choose specific spectral distribu-
tions depending on the application: short wavelengths are bound to
keep people awake, while low CCT (warm white) light of 2300 K
does not suppress melatonin production15 and would be ideal for eve-
ning indoor lighting. Other studies have investigated the effects of
lighting on seasonal depression, physical activity levels,11 cognitive
performance17 and even the cutaneous temperature of the feet.18

Color rendering (CRI and CQS).— An ideal light source for gen-
eral lighting should thus combine a maximum LER with perfect color
rendering. While the LER can be unambiguously calculated, the defi-
nition of ‘good’ color rendering is a matter of ongoing debate. The
currently used standard for color rendering, introduced by the CIE in
1965,19 updated in 1974 (Ref. 20) and republished with minor correc-
tions in 1995,21 is the CRI or color rendering index. For the rest of
the discussion, it is valuable to summarize the definition of this CRI.
A full description of the standard can be found in the excellent book
by Schanda.22 The CRI definition is based on comparing the color of
test objects when illuminated by the light source under test, to the col-
ors of the objects illuminated by a reference source. Obviously, the
choice of this reference is very important, since it defines what the
‘true’ colors of objects are. In the definition of the CRI, an infinite
number of reference sources is used, depending on the type of test
source: first, the spectrum of the test source is compared to that of a
black body radiator, and the temperature of the black body that most
closely matches the spectrum of the test source is called the correlated
color temperature (CCT) of the test source. When the CCT of the test
source is below 5000 K, the reference source used for the calculation
of the CRI is a black body radiator of the same CCT. Above 5000 K,
a standard daylight spectrum of the same CCT, derived from the D65
standard illuminant and defined by the CIE (Ref. 23) is used. Fourteen
different color test samples are used, of which the first eight are used
for calculating the general color rendering index Ra. The colors of the
test objects are specified in the CIE 1964 uniform color space, the

CIE U*V*W* space.22 Dependent on the test source, a chromatic ad-
aptation correction is applied, as observers tend to identify colors
objects in the same way, even if the CCT of the light source is highly
different. The general color rendering index Ra is then calculated as:

Ra ¼ 100� 4:6 � 1
8

X
i¼1;...;8

DEi [2]

With DEi the distance between the colors of test object i illuminated
with test and reference source, calculated in the U*V*W* uniform
color space.

The merit of the CRI as defined above, is that it allows to describe
the color rendering ability of any light source with a single number.
However, it was realized that the definition of the CRI is far from per-
fect,24 and several improvements were proposed, leading to a new
standard in 1996, the general color rendering index R96a; however,
this standard has not been adopted in practice. The most complete set
of improvements on the CIE standard was recently proposed by Davis
and Ohno,25 leading to a new index, the CQS or color quality scale.
The main differences with the CRI are26:

• A different color space is used. When calculating differences in
color based on the geometrical distance between color coordi-
nates, it is important that the color space used is as uniform as
possible. In the CQS, the CIE 1976 (CIELAB) color space22 is
used, which is more uniform than the U*V*W* color space, used
in calculating the CRI, which is now considered obsolete.

• The calculation is performed on a larger set of 15 different color
samples, which are more saturated in color than the eight original
CIE samples.

• Ra is calculated from the mean difference in color of the eight test
samples. This implies that a large difference in color for only one
sample only gives a small penalty to the color rendering index. In
the CQS calculation, the root mean square deviation in color is
used, which penalizes large differences more severely.

• Since the adoption of the CRI, more advanced models for chro-
matic adaptation have been developed. The CQS – which is still
under development – will include an update from the Von Kries
chromatic adaptation correction, which is considered outdated .25

A minor, but somewhat awkward drawback of the CRI is that there
is no minimum value zero for the general color rendering index Ra.
For example, calculation yields Ra¼�47 for low pressure sodium
lamps. The CQS uses a normalization equation to overcome this
problem and yield a range of values between 0 and 100:

Rnew ¼ 10 � ln½expðRold=10Þ þ 1� [3]

Very often, observers prefer to see objects in more vivid and satu-
rated colors over types of illumination that yield a dull appear-
ance. This has led to the development of a number of indices
describing how ‘nice’ objects look under the test illuminant. Early
work includes the ‘flattery index’ by Judd27 and the ‘preference
index’ by Thornton.28 These studies conclude that objects can
look better under certain test light sources than under natural light,
which would, in terms of a CRI, yield an index higher than 100.
Obviously, any color differences between illumination with a test
source and the reference yield a Ra lower than 100, as the refer-
ence source is considered as the ‘perfect’ source. In the definition
of the CQS, light sources that yield color rendering of objects
with the same hue but higher saturation than the reference source,
are not penalized but are given the same ‘ideal’ CQS-index.

• In the CRI, even light sources with a very high (bluish) and very
low (reddish) CCT can yield a high value for Ra, as also the refer-
ence source used has this very high or low CCT. However, the
subjective color rendering ability of such light sources is low:
indeed, they only allow the reproduction of a smaller color gamut,
and colors are perceived as unnatural. The CQS therefore assigns
a lower rendering index for these light sources, roughly scaling
with the area of the color gamut of the 15 color samples.
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It is clear that the CQS includes a large number of incremental
improvements over the definition of the CRI, without being revolu-
tionary. One of the main limitations is that it still depends on the
choice of a reference light source, or, in this case, an infinite number
of reference sources, as the reference depends on the CCT of the
test source.

Next to the efforts by Judd and Thornton mentioned before, a
large number of research groups have tried to find metrics which
describe the color rendering properties of light sources more accu-
rately, and a number of them were reviewed in Ref. 29. Essentially,
color quality indices can be divided in two classes. One class com-
pares the rendered colors to those of a reference light source (like
the CRI and the CQS). Others, like the flattery index,27 preference
index,28 FCI (feeling of contrast index) (Ref. 30) and HRI (color
harmony index) (Ref. 31) try to quantify the naturalness, vividness,
color gamut area or harmony between colors. In the latter case, the
aim is not to reproduce colors correctly (as far as the colors are cor-
rect when objects are illuminated with the reference source), but to
find a light source which yields colors that look ‘right’ or ‘nice’. We
agree with several other authors that it is probably impossible to
find a single index which describes the color quality of light sources
sufficiently accurately, and that several indices will have to supple-
ment each other.29–31

In 2006, a CIE technical committee (TC1-69) was established to
“investigate new methods for assessing the colour rendition proper-
ties of white-light sources used for illumination, including solid-
state light sources, with the goal of recommending new assessment
procedures”.

The inherent difficulty to define what a good light source is can
be summarized by the Latin proverb “De gustibus et coloribus non
est disputandum”: “There’s no arguing about tastes and colors”.
Incidentally, it is directly applicable to our present problem.

White light approaches using LEDs

Given that light emitting diodes produce quasi-monochromatic
light (i.e. with a narrow emission band), basically two approaches
can be followed to obtain a white LED. On the one hand, a combi-
nation of (at least) three LEDs, with power ratios adjusted to obtain
white light with a specific color temperature. On the other hand, a
single LED can be used in combination with one or more phosphor
materials to partially or fully convert the LED emission (Fig. 3).

RGB-LEDs.— The approach of using only LEDs (without phos-
phor convertors) has some specific advantages. First of all, conver-
sion losses associated with the use of phosphors are eliminated.
Furthermore, it also allows the development of smart light sources,
which can adapt their emission color (from the primary colors to
white light with variable color temperature) and intensity upon spe-
cific circumstances or as desired by the user. Besides general light-
ing applications, which require only a fixed color and intensity,
there certainly exists a large market for this type of smart light
sources.

The relatively narrow emission bands of LEDs and the possibil-
ity to choose the peak emission wavelengths, allow producing light
sources characterized by a high LER in combination with a reasona-
ble color rendering. However for an improved color rendering, a
combination of four LEDs seems necessary. This is quantified later
on.

A disadvantage is that more complex electronics (possibly with
feedback mechanisms)32 have to be used to counteract the differen-
tial ageing of the current red, green and blue LEDs. Both current
and temperature dependent color shifts are problematic when dim-
ming an RGB-LED combination while maintaining the emission
color. The spectral shifts are in general not equal for these LEDs as
function of the driving current and the chip temperature (which is of
course related to the driving current, but also dependent on the am-
bient temperature and the cooling of the entire device).33 As smart
LED-based light source rely on both a choice of intensity and color,

considerable development effort has to be put in the design of
phosphor-free light sources.

Phosphor converted LEDs.— In contrast to the RGB approach, a
single LED light source can be combined with one or more conver-
sion phosphors to obtain white light (Table I). Currently, most of
the commercially available LED-based white light sources rely on
this approach. Until recently, these were almost solely based on the
combination of a blue LED and an YAG:Ce3þ-based phosphor. Ba-
sically, two approaches can be discerned. One can use a blue LED
and convert part of the emitted light to longer wavelengths by use of
a phosphor material, or one can fully convert the emission from a
(near)ultraviolet LED by phosphors.

Before discussing advantages and disadvantages of both
approaches, we look at the conversion efficiency, as obviously
larger energy losses are inevitable when the exciting photon from
the LED and the emitted photon from the phosphor have a large dif-
ference in wavelength. In general the conversion efficiency ge-o of
electrical power to optical power (irrespective of the sensitivity of
the human eye) for the entire LED package (chip (L) and phos-
phor(P)) can be written as

Figure 3. (Color online) (a) 5 mm, 20 mA white LED, (b) schematic struc-
ture of the LED’s cross-section along the plane perpendicular to the image
(a) and indicated by the white arrows, (c) elemental mapping of selected ele-
ments using EDX (energy-dispersive x-ray analysis), with the maps for Y, Al
and Ga indicating the Y3Al5O12:Ce phosphor powder, the sapphire substrate
and the (Ga,In)N diode, respectively. Adapted from Ref. 131. (d) Schematic
structure of a high-power package. Note the improved thermal management
and the presence of an electrostatic discharge (ESD) protection. Adapted
from Ref. 132, reproduced with permission.
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ge�o ¼
Popt

Pel

¼ gL

X
i

fiQp; i
kL

kP;i

[4]

with gL ¼
Popt;L

Pel;L
;
X

i

fi ¼ 1 and k ¼
Ð

IðkÞkdkÐ
IðkÞdk

[5]

with gL the electrical to optical power conversion efficiency of the
LED chip alone. fi is the fraction of the light intensity emitted by the
LED which is absorbed by phosphor i, QP,i is the internal quantum
efficiency of the phosphor (see below for a detailed discussion) and
k is the barycenter of the emission spectrum of the LED or phos-
phor. This conversion efficiency ge-o is also called the wall-plug ef-
ficiency (WPE).37 In the case of a blue LED in combination with a
single phosphor (B) and an UV LED in combination with two phos-
phors (UV), these equations can be rewritten as

ge�o;B ¼ gL;B f þ ð1� f ÞQP

kL;B

kP

� �
[6]

ge�o;UV ¼ gL;UV fQP1

kL;UV

kP1

þ ð1� f ÞQP2

kL;UV

kP2

� �
[7]

These formulas can be used to evaluate the conversion losses
between pumping with a blue and an ultraviolet LED. Note that in
the case of more than one phosphor, absorption of the emission
from the short wavelength phosphor by the long wavelength phos-
phor(s) is not taken into account. For the combination of a blue
LED with YAG:Ce3þ, a typical value of 0.33 for f is needed, when
white light with relatively high color temperature of 5600 K is
aimed for. Taking 90% quantum efficiency for the conversion phos-
phor,45 one finds

ge�o;B ¼ 0:81gL;B [8]

Assume we want to obtain a similar emission spectrum by combin-
ing an ultraviolet pumping LED (center wavelength of 365 nm) with
a blue phosphor (Q¼ 0.9) and the same YAG:Ce3þ phosphor (sup-
posing it can as efficiently be excited at 365 nm). We then find for
the total conversion efficiency

ge�o;UV
¼ 0:61gL;UV [9]

If both pumping LEDs are equally efficient in converting electrical
to optical power, the optical power emitted by the package UV is
25% lower than package B. For a pumping LED with peak emission
wavelength of 395 nm, the reduction is 18%. These calculations
were also performed for other phosphor combinations (using two or
more phosphors) and different color temperatures, but they yield
similar results, as can be expected intuitively. An important factor
determining the overall efficiency of the LED is thus the ratio

kL

�
k

P
[10]

which describes the energy loss during the conversion, irrespective
of the quantum efficiency of the phosphor. This ratio has also been
named the ‘quantum deficit’.46 Consequently it is advantageous
from an efficiency point of view to take pumping LEDs with emis-
sion at as long wavelengths as possible.

Hence, what are the advantages of using ultraviolet pumping
LEDs compared to blue ones? First of all, if the electrical to optical
power conversion is more efficient in UV than in blue LEDs, shift-
ing to UV LEDs can yield an overall more efficient design. Sec-
ondly, it is questionable whether good color rendering in combina-
tion with a low color temperature can be obtained using a blue LED
and a single conversion phosphor. If two phosphor materials have to
be used anyway, including one with a small Stokes shift to cover the
emission spectrum around 500 nm, one might consider the full phos-
phor approach with ultraviolet pumping LEDs. This also has the
advantage that the emission spectrum can be more stable with
respect to the driving current and the temperature of the LED chip.
In this case, spectral shifts of the pumping LED are not reflected in
spectral or intensity changes in the phosphor emission, on condition
that the excitation spectrum of the phosphor is sufficiently ‘flat’
around the emission of the pumping LED. When a blue pumping
LED is used, shifts in the emission spectrum of the LED will induce
a color shift of the white LED.

Consequently, both approaches seem useful, as long as the peak
wavelength of the UV pumping LED is not too short, as this would
create too large Stokes losses and an inherently lower electrical-to-
optical conversion efficiency of the device.

Phosphor requirements

Emission spectrum.— Upon developing a white LED, one should
first establish the type of light source one is aiming at. Generally
spoken, a high color rendering requires having emission over a large
part of the visible spectrum. This goes at the cost of efficiency, and
vice versa: very high efficiency can be obtained from suitable (qua-
si)monochromatic sources. Obtaining high color rendering or high
efficiency is not entirely mutually exclusive, as will be shown fur-
ther on.

Figure 4 shows the CQS and LER for a combination of three hy-
pothetical light sources, characterized by Gaussian-shaped emission
bands and a full width at half maximum (FWHM) of 10 nm. The
peak emission wavelength of the first (blue) light source was fixed at
460 nm, as a compromise between sufficient short wavelength emis-
sion and still reasonable eye sensitivity. This choice is motivated by
the fact that the eye sensitivity drops significantly at shorter wave-
lengths and 460 nm is by far the most common peak wavelength of
blue LEDs, and also the wavelength of the ubiquitous white LEDs
based on conversion by YAG:Ce. The peak emission wavelength of

Table I. Key parameters for selected phosphor-converted white LEDs (phosphor composition, color temperature and color rendering).

Estimated values are denoted by *.

kmax,LED (nm) Phosphor(s) CCT (K) CRI Ref

460 Y3Al5O12:Ce3þ 5600 71 (34)

460* Y3Al5O12:Ce3þ, CaS:Eu2þ 5500 92 (35)

460 Y3Al5O12:Ce3þ, Sr2Si5N8:Eu2þ 2900 80 (36)

460 Sr2GaS4:Eu2þ, SrS:Eu2þ 3600 82 (37)

460 Sr2GaS4:Eu2þ, (Ca,Sr)S:Eu2þ 4800 92 (38)

450 Ca3Sc2Si3O12:Ce3þ, CaAlSiN3:Eu2þ 6500* 92 (39)

450 SrSi2O2N2:Eu2þ, Sr2Si5N8:Eu2þ 3200 89 (40)

455 SrSi2O2N2:Eu2þ, CaSiN2:Ce3þ 5200 91 (41)

450 (Sr,Ca)3(Al,Si)O4(O,F):Ce3þ, K2TiF6:Mn4þ 3200 90 (42)

455 BaSi2O2N2:Eu2þ, b-SiAlON:Eu2þ, Ca-a-SiAlON:Eu2þ, CaAlSiN3:Eu2þ 6400 96 (43)

455 BaSi2O2N2:Eu2þ, b-SiAlON:Eu2þ, Ca-a-SiAlON:Eu2þ, CaAlSiN3:Eu2þ 2900 98 (43)

365 BaMgAl10O17:Eu2þ, Ca9La(PO4)7:Eu2þ, Mn2þ 4500 92 (44)
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the two other light sources was varied over the range from 510 to 570
nm and 580 to 700 nm, respectively. For each combination, the inten-
sity of the three light sources was varied to obtain a white light source
with a CCT of 3000 K (warm-white light, ready to replace incandes-
cent light sources) and without deviation from the black body locus
(duv¼ 0). The CQS value (which is an optimization of the color ren-
dering index (CRI)) and the LER (luminous efficacy of the radiation)
were determined for each distribution.25 The same was repeated for
white light with a CCT of 4500 K (Fig. 5).

For a CCT of 3000 K, choosing the green light source in the
region from 530 to 545 nm and the red one from 605 to 615 nm,
leads to a rather narrow region where the CQS attains a value of 70,
which is barely acceptable for general lighting applications. Within
the mentioned region, a LER value of 400 lm=W can be obtained,
which is about the highest value that can be obtained for a white
light source. For a CCT of 4500 K, basically the same results are
obtained with a similar CQS and only slightly lower LER, due to
the relatively stronger contribution of the blue emission line, for
which the eye is less sensitive. As will be discussed further on, these
narrow emission bands nicely simulate the emission of several triva-
lent rare earth elements showing 4f–4f emission lines (e.g. Tb3þ at
540 nm and Eu3þ at 615 nm).

As apparently, a sufficiently good color rendering cannot be
achieved with a small number of narrow emission peaks, the use of
4f–4f line emitters seems less suited for high color rendering light-

ing applications. However, the LER values can be high, which
would for instance make them an ideal choice for display applica-
tions, such as liquid crystal displays (LCDs), where LEDs can be
used as backlights. In this case only the color saturation of the pri-
mary colors is important.

Clearly, with three narrow light sources no decent color render-
ing can be obtained. Ideally, the CQS should well be into the high
80 s or in the low 90 s. Therefore we simulated as a second case
three hypothetical light sources, with a FWHM of 30 nm (blue), 50
nm (green) and 70 nm (red). These are realistic values for Eu2þ

doped phosphors. This model is also applicable to blue LED
pumped white LEDs, as the FWHM of a blue LED is typically close
to 30 nm.

With these broader emission bands, a CQS of more than 90 can
easily be obtained, in combination with a LER of 300 lm=W, when
the green emission band is centered at 525 nm and with the red one
peaking at 610 nm. Furthermore, there exists a relatively large area
where the CQS is above 85, which allows variations in the exact
peak position and shape of the phosphors’ emission bands.

When using even broader bands, a CQS of (nearly) 100 can be
obtained, but this comes at the expense of efficiency, as more pho-
tons are emitted at the extremes of the visible spectrum, where the
eye sensitivity is lower. Nevertheless it is possible to construct an
emission spectrum with high CQS values (>95) in combination
with a LER of 250 lm=W.

Figure 4. (Color online) CQS (left) and LER (center) for a white light source with CCT of 3000 K consisting of two variable emission bands (FWHM of 10
nm) and one emission band fixed at 460 nm (FWHM of 10 nm). On the center image, the contour line for CQS equal to 70 is superposed in white. Right: The
emission spectrum indicated by the black dot in the center image.

Figure 5. (Color online) CQS (left) and LER (center) for a white light source with CCT of 4500 K consisting of two variable emission bands (FWHM of 10
nm) and one emission band fixed at 460 nm (FWHM of 10 nm). On the center image, the contour line for CQS equal to 70 is superposed in white. Right: The
emission spectrum indicated by the black dot in the center image.
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Running the same analysis with a FWHM of 30 nm for all three
light sources leads to a maximum value of the CQS (and CRI) in the
low 80 s and to a LER of up to 350 lm=W. Hence smart light sour-
ces based on three LEDs can yield white light with sufficient color
rendering for several applications. If however high color rendering
is required, the addition of a fourth LED is required.

Remark that a similar calculation on the relation between emis-
sion wavelengths and color rendering was performed in a recent
review.4 However, in this case only narrowband (line) emitters were
considered. Also the traditional CRI colour rendering index was
used, which is known to be insufficiently accurate to describe nar-
rowband sources. It is easy to see that color reproduction with
narrowband sources can critically depend on the exact emission
wavelengths for samples having a rapidly changing reflectance spec-
trum. For example, tomatoes are notoriously difficult to faithfully
visualize in this respect.

If ‘good’ phosphors are available, light sources with different
color temperatures can be achieved by simply changing the weight
ratio between the different phosphors (and also the total loading in
the case of a blue pumping LED).47 This can be understood by
observing that there is a relatively large cross-section between Figs.
6 and 7 for the regions with high color rendering, as simulated for
CCTs of 3000 and 4500K.

Of course not all (white) LEDs are being used for general light-
ing purposes. For instance, they have already entered the market as
backlights for liquid crystal displays replacing fluorescent lamps. In

this case, these LEDs should contain a significant emission in the
blue, green and red part of the emission spectrum, such that after fil-
tering bright and saturated colors are retained. In this case, color
temperature, color rendering and deviation from the black body
locus are less important parameters. Xie et al. proposed a two phos-
phor-conversion approach for backlight purposes (using a blue LED
in combination with green emitting b-sialon:Eu2þ (FWHM of 55
nm) and red emitting CaAlSiN3:Eu2þ) to arrive at color gamut of
92% for the NTSC standard.48

Excitation spectrum.— Proper combination of high-performance
phosphors is obviously required to obtain a light source with high
efficiency and decent emission color properties. A second important
criterion in the usefulness of phosphors is related to the excitability
of the phosphors, i.e. how well do their excitation spectra match
with the emission of the pumping LEDs. Indeed, this is the main
reason why the – fully optimized – fluorescent lamp phosphors are
in most cases useless for application in LEDs. These phosphors are
mainly excited by the 254 nm emission line of mercury. For reasons
of energy efficiency, it is not desirable to develop pumping LEDs
with emission in this wavelength range.

Hence phosphors with good excitability in the near-UV to blue
region of the spectrum are required. Furthermore, the excitation
spectrum should be sufficiently broad to compensate for changes in
the emission spectrum of the pumping LED, caused by changes in
the driving current and=or the junction temperature. To keep color

Figure 6. (Color online) CQS (left) and LER (center) for a white light source with CCT of 3000 K consisting of two variable emission bands (FWHM of 50 nm
(G) and 70nm(R)) and one emission band fixed at 460 nm (FWHM of 30 nm). On the center image, the contour lines for CQS equal to 85 and 90 are superposed
in white. Right: The emission spectrum indicated by the black dot in the center image.

Figure 7. (Color online) CQS (left) and LER (center) for a white light source with CCT of 4500 K consisting of two variable emission bands (FWHM of 50 nm
(G) and 70 nm(R)) and one emission band fixed at 460 nm (FWHM of 30 nm). On the center image, the contour lines for CQS equal to 85 and 90 are superposed
in white. Right: The emission spectrum indicated by the black dot in the center image.
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stability for the entire wLED, it is therefore advisable to have a rela-
tively flat excitation spectrum for the phosphor near the peak emis-
sion of the LED.

This puts some restrictions on the type of dopants which can be
used. The rare earth line emitters, such as Eu3þ, Tb3þ, Sm3þ and
Pr3þ have in general only narrow 4f–4f excitation lines in the near-
UV to blue part of the spectrum. Charge transfer states (CTS) and
5d levels are generally situated at higher energies, which are for
instance available in fluorescent lamps, as mentioned earlier. For
instance, Eu3þ has excitation lines around 394 and 465 nm, which at
first glance is interesting for pumping. However, the width of the
lines in the excitation spectrum is often much narrower than the
pumping LED, thus lowering the overall conversion efficiency. This
is especially problematic in the case of near-UV pumping LEDs, for
which all emitted photons should be converted. Furthermore, slight
temperature or current dependent shifts in the emission spectrum of
the LED can thus lead to changes in the light output of the phosphor,
due to changes in the spectral overlap. Also, changes in the phos-
phor’s excitation spectrum can modify the overlap with the emission
of the LED. For instance, La2O2S:Eu3þ has been reported to have a
60% higher light output at 120�C compared to room temperature
when pumped at 405 nm, which is at the edge of the charge transfer
excitation band and not coinciding with internal 4f–4f transitions of
Eu3þ.49 Thermal broadening of this band increases the overlap with
the excitation source, and thus leads to an increased light output,
counteracting the ‘normal’ thermal quenching behavior.

Therefore, the broad band emitting rare earth ions (Eu2þ and
Ce3þ) are a more logical choice as their excitation spectrum is also
composed of relatively broad bands. Also (sensitized) Mn2þ can be
a good option. In general, the Eu2þ excitation spectrum is somewhat
broader and flatter than the one for Ce3þ, due to the large splitting
of the 4f6 multiplet in Eu2þ. At higher temperature, the absorption
strength of Ce3þ somewhat reduces, due to a thermal population of
the higher Stark levels of the 4f(2F5=2) ground state, from which the
transition to the lower 5d excited state is symmetry forbidden .45

Besides spectral changes in the LED’s emission spectrum as a
function of junction temperature, also the emission properties of the
phosphor can be influenced by temperature, as will be discussed in
the next section.

Thermal behavior.— When the conversion phosphor is situated
in close proximity of the LED chip, its thermal behavior is of great
importance. Indeed, for a high-power LED of 5W (electrical input
power) with an overall efficiency of 150 lm=W, approximately
40% of the input power is converted to optical power while 3 W of
heat has to be dissipated by the device. The losses are obviously
related to non-radiative recombination in the pumping LED, the
Stokes losses of the phosphor and non-radiative decay in the phos-
phor. Given the small chip area and the limited phosphor area, heat
management is an important issue in the LED design. Neverthe-
less, temperatures of 400 to 450 K can be reached near the LED
chip. As a consequence, the phosphor should maintain its quantum
efficiency and spectral characteristics at these elevated tempera-
tures. The former is determined by the thermal quenching of the
total emission intensity. For the latter, shifting and=or broadening
of the emission spectrum can alter the emission color (both CCT
and duv) of the entire device. Also, the excitation spectrum can
change, thus influencing the absorbed fraction of the emission of
the pumping LED. Consequently, a phosphor evaluation should at
least contain a study of the thermal quenching behavior, i.e. the
variation of the emission intensity (or, ideally, the quantum effi-
ciency). In first order, the decay time of the luminescence is fol-
lowing a similar thermal behavior than the intensity quenching
(Fig. 8).50

Preferably, also the emission and excitation spectra should be
reported as a function of temperature. Upon increasing temperature,
the emission spectrum of Eu2þ and Ce3þ broadens due to the occu-
pation of higher vibrational levels. In addition, changes in the peak
emission position are possible. For the 4f–4f emitting rare earth

ions, spectral shifts and thermal broadening of the emission spec-
trum are largely negligible.

Several non-radiative decay paths are determining the thermal
quenching of the (integrated) emission intensity. In general, the
thermal quenching behavior is explained in the configurational coor-
dinate diagram, where thermally assisted crossing between the
energy parabola of the excited and the ground state leads to
non-radiative decay. This also implies that for a large Stokes shift
(i.e. when the equilibrium position of the excited state strongly dif-
fers from the one for the ground state), thermal quenching will
appear at lower temperature. As pointed out by Dorenbos, this sim-
ple model does not accurately describe the thermal quenching in the
5d–4f emitters, such as Eu2þ. For these ions the (thermally assisted)
auto-ionization of the luminescent ion leads to thermal quenching,
which is strongly related to the proximity of the 5d excited states to
the bottom of the conduction band.51

For the f-f emitters, another quenching mechanism takes place as
the Stokes shift between ground and excited 4f state is negligible for
these ions. The quenching then takes place via the phonon-activated
crossing of the excited state and the charge transfer state52 or by
multi-phonon emission.53

Quantum efficiency.— When designing LEDs, one should not
only focus on the shape of the emission spectrum, but give equal
attention to the efficiency of the entire conversion process of electri-
cal power to the observed optical power. To obtain such a high effi-
ciency, using phosphors with quantum efficiency close to unity is of
the utmost importance. Many reports on new LED conversion phos-
phors do not mention the quantum efficiency at all. In principle,
measuring the (internal) quantum yield is relatively straightforward:

nexc ¼ nrefl þ nconv þ nn�r [11]

¼ nrefl þ Qnabs þ ð1� QÞnabs [12]

Here nexc is the number of photons directed towards the phosphor,
nrefl contains the number of reflected photons, nconv is the number of
emitted photons by the phosphor and nn-r comprises all photons lost
in non-radiative transitions. The quantum yield is the ratio between
converted and absorbed photons and can be determined as follows

Q ¼ nconv

nabs

¼ nconv

nexc � nrefl

[13]

Figure 8. (Color online) Temperature dependence of the integrated emission
intensity and luminescence decay times for SrSi2O2N2:Eu2þ[2%]. Adapted
from Ref. 50, Copyright 2009 American Chemical.
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If an absolute measurement of the quantum efficiency is not possi-
ble, then one should at least compare it to a well-established conver-
sion phosphor, showing similar excitation behavior. Obviously,
during comparison the integrated emission intensities should be
compared, and not the peak emission intensities. This is especially
true when comparing line emitters (such as Eu3þ) to broad-band
emitters (such as Eu2þ or Ce3þ).54 Ideally, the same excitation
wavelength should be used, to eliminate (uncorrected) differences in
excitation flux inherent to most excitation light sources.

Ideally the quantum efficiency should approach unity, to maximize
the overall efficiency of the lighting devices. YAG:Ce3þ has a quan-
tum efficiency well above 0.9,45 which makes it a tough target value
for other, alternative, phosphors. Obviously, reporting the quantum ef-
ficiency at room temperature should be done in conjecture with the
thermal quenching behavior. In this way, one can fully assess the
phosphors performance upon device incorporation.

Up to this point in this work, the term ‘quantum efficiency’ was
used to describe the internal quantum efficiency, i.e. the ratio
between the number of emitted photons and the number of absorbed
photons, which is an intrinsic property of the luminescence conver-
sion process.

To assess a specific phosphor when incorporated in an LED de-
vice, the external quantum efficiency should also be considered.
This is the ratio between the number of emitted photons and the
number of incident photons, or differently, the internal quantum effi-
ciency times the absorbed fraction of the excitation light. In general,
increasing the dopant concentration in a phosphor increases the
absorption at the excitation wavelength. However, there exists a
trade-off between the increasing absorption (and emission) and a
decrease in the internal quantum efficiency due to concentration
quenching. For application in LEDs, using a phosphor with a high
external quantum efficiency allows to use a low amount of phosphor
material on the LED chip. This limits the absorption losses of the
down-converted light. Therefore it is advantageous to have dopant
ions with high absorption cross section, such as Eu2þ and Ce3þ, in
contrast to for instance line-emitting rare earth ions which have low
absorption strengths for the 4f–4f transitions.

In a real phosphor material, for instance being composed of
coarse grains, scattering of the down-converted light will lead to
increased absorption losses, thus lowering the total number of pho-
tons extracted from the phosphor layer. Scattering losses will thus
be determined by the particle size and their distribution. Also, broad
particle size distribution can lead to inhomogeneous emission col-
ors. Obviously these parameters are important when fabricating
commercial devices; however, they are practical issues determined
by the synthesis method (and possible post-synthesis treatments).
Therefore, in this work, we will focus on the intrinsic property of
the conversion process, although for some phosphor materials it is
still a challenge to get specific and narrow size distributions.55

Stability.— Current commercially available products mention
lifetimes typically from 15,000 to 50,000 h. The latter corresponds
to more than 20 years of operation for 6 h per day. This leads to
stringent lifetime requirements on the packaging, the color conver-
sion material and the driver electronics.

In the early days, wLEDs suffered from yellowing of the epoxy
material,37,56 thus altering the emission color and lowering the light
output. The use of thermally and UV-resistant encapsulating materi-
als remediated this problem. Of course, in the case of UV-pumping
LEDs, special attention is required on the choice of packaging mate-
rial. The color conversion material itself should also be as stable as
possible. Especially for several sulfide-based phosphors (such as
CaS:Eu and SrS:Eu) problems have been reported, as these materi-
als are not stable in ambient air. Contact with moisture leads to an
irreversible degradation of the phosphor, a reduced light conversion
and thus a shift in emission color. Also, development of corrosive
H2S during degradation can further reduce the light output of
wLEDs, due to a decreased reflectivity of Ag-coated cups and
contact pads.57 Although encapsulation of sulfide phosphors by an

oxide coating improves the resistance against hydrolysis (Fig. 9),58–

60 the use of intrinsically stable phosphor materials (such as oxides
or (oxy)nitrides) is preferred.

Saturation effects.— Saturation effects in phosphor-converted
LEDs should not be underestimated for some dopant ions with long
decay times. Saturation is defined here as a sub-linear increase of the
light output for increasing excitation intensity. When the phosphor
material is positioned close to the LED chip, it should be able to con-
vert high photon intensity. The continuous increase in the efficiency
of the pumping LEDs further increases the photon flux for a similar
chip size. If a color conversion material with a long decay time is
used, the light output at high excitation flux can be lower than the
value extrapolated from the low-power performance. This has been
observed for Mn2þ (decay time of several to tens of millisecond),61,62

which was related to ground-state depletion (thus lowering the
absorption strength) or to energy transfer between dopant ions in the
excited state.61 Interestingly, in co-doped Eu2þ-Mn2þ phosphors a
sub-linear response was observed for both the Eu2þ and the Mn2þ

emission, due to an increased energy transfer from Eu2þ to Mn2þ,
when Mn2þ was in the excited state compared to it being in the
ground state.63 Figure 10 shows the normalized emission spectra for a
white LED package (based on a UV pumping LED) as a function of

Figure 9. Accelerated aging at 80% relative humidity and 80�C of (A)
uncoated CaS:Eu2þ particles and (B) coated with sol-gel prepared Al2O3.
Photoluminescence intensity was measured in situ upon excitation with a
440 nm LED.60 Copyright (2010), with permission from Elsevier.

Figure 10. Normalized emission spectra for a white LED as function of the
driving current. The white LED is composed of a UV pumping LED, blue
and green Eu2þ phosphors and red Eu2þ-Mn2þ phosphor. Adapted from Ref.
64, reproduced by permission of The Electrochemical Society.
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the driving current. The blue and green phosphors (Sr2Ga2SiO7:Eu2þ

and Sr5(PO4)3Cl:Eu2þ) do not show any conversion saturation, while
the red emission from (Sr0.76,Ca0.1)2P2O7:0.02Eu2þ,0.10Mn2þ shows
a strong saturation, leading to color shifts upon variation of the driv-
ing current.64

Different packaging, with a remote phosphor layer, can prevent
these effects by reducing the excitation density. For the broadband
emitting ions Eu2þ and Ce3þ no saturation is expected, due to the
much shorter decay time, in the range of hundreds and tens of nano-
seconds, respectively.65,66 For several 4f–4f line emitters, like Eu3þ

and Tb3þ, the decay time is typically a few millisecond,67 therefore
saturation effects are also possible in this case.

Overall evaluation of usefulness.— The six abovementioned pa-
rameters should all be evaluated, as failure in one aspect in principle
renders the phosphors useless for commercial applications. Often,
one evaluates a (new) phosphor by studying its luminescence prop-
erties in dedicated fluorescence spectrometers. While this is of
course very interesting from a fundamental point of view, care must
be taken to assess these properties in conditions mimicking the
pumping LEDs behavior. For instance, upon determination of the
emission spectrum and the quantum efficiency, a monochromatic
excitation source (i.e. having a very narrow spectral distribution) is
often used. In a real LED-phosphor combination however, the
results can differ considerably, due to a reduction in the absorption
efficiency of the phosphor for other than the peak wavelength of the
LED’s emission.

Ideally, the phosphor should be evaluated in conjecture with its
pumping LED, where one then carefully measures the global emis-
sion spectrum, color properties (CRI or CQS, CCT, duv) and lumi-
nous efficiency of the entire device (in lumen per watt electrical
input power) as a function of driving current and temperature. Of
course, this requires the know-how to prepare phosphor coated devi-
ces in order to obtain reproducible results.

Choice of phosphors and current status

Some of the abovementioned six requirements are primarily
related to the properties of the dopant ions (such as the shape of
the emission band), while others are influenced by the composi-
tion of the host material, such as the chemical and thermal stabil-
ity. Several other requirements are related to the interplay between
host and dopant, such as the thermal quenching behavior. There-
fore, it is not straightforward to propose ideal combinations of
host and dopant(s). In this section, we will nevertheless discuss
generically the choice of the dopant ion and several classes of host
materials. Table II shows key parameters for a selection of LED
phosphors, for which thermal quenching behavior and quantum
efficiency were reported.

Broad band emitting rare earth ions.— When looking at the data
compiled in Table II, it is clear that the broad band emitting rare
earth ions Eu2þ and Ce3þ have been widely studied. This is primar-
ily because of their unique emission properties, combining a broad
emission spectrum (leading to good color rendering properties), rel-
atively small Stokes shift (allowing excitation in the near-UV or
blue part of the spectrum) and short decay times (avoiding satura-
tion). Depending on the host material, high quantum efficiencies
in combination with a good thermal quenching behavior can
be obtained. Furthermore, the emission spectrum can be tuned from
the near-UV to deep red, by appropriately choosing the host
compound.

The effect of the host on the luminescence properties of Ce3þ is
indicated in Fig. 11. The 4f ground state shows a spin orbit splitting
into two levels (2F5=2 and 2F7=2), with an energy separation of about
2000 cm�1. Compared to the free (gaseous) Ce3þ ion, the lowest 5d
excited state is decreased in energy, or red-shifted, upon incorpora-
tion in an inorganic compound. This red-shift is composed of the
centroid shift (resulting from the nephelauxetic effect, determined

Table II. Key parameters for a selection of LED phosphors: peak emission wavelength (kem), quenching temperature T0.5 (temperature for

which the integrated emission intensity is half of that at low temperature), emission intensity at the specified temperature compared to room

temperature (I=IRT), internal and external quantum efficiencies (QE).

Host Dopant Conc (%) kem(nm) T0.5(K) I=IRT (%) at T(K) QE (int=ext) Ref

Y3Al5O12 Ce3þ 0.033 536 >700 95, 450 >90=– (45)

3.33 558 525 77, 450 81=– (45)

Ca0.8Sr0.2S Eu2þ 1 635 400 70, 420 51=47 (68)

Ca2SiS4 Eu2þ 2 660 460 90, 420 -=35 (69, 70)

SrGa2S4 Eu2þ 0.1 537 470 — 57=– (71, 72)

Sr3SiO5 Eu2þ 7 568 400 — –=68 (51, 73)

BaMgAl10O17 Eu2þ 11.6 450 — 90, 425 92=– (49, 74)

Li2SrSiO4 Ce3þ 3 442 — 92, 450 81=57 (75)

Sr2BaAlO4F Ce3þ 3 502 — 50, 500 93=– (76)

Ca2Si5N8 Eu2þ 2 605 — 40, 450 55=– (77)

Sr2Si5N8 Eu2þ 2 622 — 86, 450 80=64 (78)

Ba2Si5N8 Eu2þ 2 570 530 78,450 75–80=– (77, 79)

BaYSi4N7 Eu2þ 1 520 — 15, 475 16=11 (80)

CaAlSiN3 Eu2þ 0.8 650 — 65, 450 80=70 (81)

8 666 — 87, 450 91=73 (78)

Ce3þ 1 580 — 84, 450 80=56 (82)

SrAlSiN3 Eu2þ 0.8 610 — 70, 450 80=70 (81)

SrYSi4N7 Eu2þ 1 534 — 30, 475 26=19 (80)

AlN Eu2þ 465 — 90, 450 73=46 (83)

CaSi2O2N2 Eu2þ 2 560 600 — 76=– (50)

SrSi2O2N2 Eu2þ 2 537 600 — 91=– (50)

BaSi2O2N2 Eu2þ 4 495 — 84, 450 65=51 (78)

2 494 440 — 71=– (50)

Ba3Si6O12N2 Eu2þ 530 — 90, 400 — (84)

a-SiAlON Yb2þ 0.5 550 — 74, 450 58=26 (78)

a-SiAlON Eu2þ 7 567 — 88, 450 71=88 (78)

b-SiAlON Eu2þ 0.3 536 — 85, 450 49=33 (78)

Ca-a-SiAlON Eu2þ 5 580 — 85, 450 –=44 (85)

Li-a-SiAlON Eu2þ 7 573 — — 57=40 (86)
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by the polarizability of the surrounding anions) and the crystal field
splitting (determined by the shape and the size of the first anion
coordination polyhedron).88 Hence by variation of the composition
of the host material, the emission and excitation wavelength can be
changed. Upon excitation of the 4f electron to the 5d orbital, lattice
relaxation occurs (the same kind of relaxation occurs after the tran-
sition to the ground state), which leads to the Stokes shift, being the
difference between the absorption and the emission energy. For
Ce3þ, a broad emission spectrum is obtained due to the transitions
from the 5d excited state to the spin orbit split ground state.

Upon doping with Eu2þ a similar figure can be drawn, with the
main difference that the 4f7 ground state is a single level (8S7=2), i.e.
no spin orbit splitting is present and the emission spectrum is in
principle characterized by a single emission band, with a typical
FWHM in the range from 50 to 100 nm.88 In some compounds, mul-
tiple emission bands are present, which can lead to a broadening of
the emission spectrum. This effect is observed in cases where the
Eu-ions are incorporated on lattice sites with different symmetry
and=or a clearly different distance with the nearest neighbor ions. In
general Eu2þ emission can be observed when the Eu2þ is either at a
monovalent or a divalent cation site. Apart from a few exceptions,
Eu2þ emission is not observed when substituting for a trivalent ion,
due to the 5d excited state being situated in the host’s conduction
band.88 In AlN, Eu2þ emission at 470 nm is observed upon co-dop-
ing with Si,89 while the incorporation of O2� in LaSi3N5:Eu leads to
broadband Eu2þ emission at 549 nm.90

Often, Eu2þ ions are substituting for divalent alkaline earth ions,
such as Mg2þ, Ca2þ, Sr2þ and Ba2þ, thus requiring no charge com-
pensation. As the ionic radius of Eu2þ is very similar to the one for
Sr2þ, high dopant concentrations can be substitutionally doped into
Sr-based host lattices without the formation of europium-rich pre-
cipitates. For alkaline earth ions with a smaller ionic radius, such as
Ca2þ, Eu-clustering has been observed at higher concentrations.91

In combination with this large solubility, the shape and position of
the emission spectrum is roughly independent of the dopant concen-
tration for most of the Eu2þ doped compounds, provided that the
crystallographic phase of the undoped host is maintained upon dop-
ing. Depending on the value of the Stokes shift, reabsorption can
become prominent at elevated doping concentrations, leading to a
red-shift of the emission spectrum.

In contrast to the binary sulfides, which show relatively strong
concentration quenching,68,91 the ideal dopant concentration in ter-
nary and multinary compounds can be relatively high, up to 10 to
20% substitution, in combination with strong absorption bands
caused by the dopant. Figure 12 shows the diffuse reflection spectra
for Sr2-xEuxSi5N8.77 Remark that these very high dopant concentra-
tions can lead to a prohibitive cost of the phosphor material, due to
the elevated price of Eu.

The excitation spectrum for Eu2þ doped compounds is broad and
often relatively featureless, due to the splitting of the 5d excited
state by the crystal field, coupling to the multiplet splitting of the 4f6

configuration. The latter is similar to the ground state splitting for
the 7FJ levels of Eu3þ, which sometimes leads to a staircase-like
fine-structure in the excitation spectra.92 For green to red emitting
phosphors, an excellent overlap is possible with both near-UV and
blue pumping LEDs.

The emission spectrum of Ce3þ is blue-shifted compared to that
of Eu2þ when doping in the same compound.93 It is also intrinsically
broader than the one for Eu2þ, due to the additional spin orbit split-
ting (about 2000 cm�1) of the 4f1 ground state (Figs. 11 and 13). In
the case of the yellow-emitting YAG:Ce3þ, the broadness of the
emission spectrum allows to arrive at a decent color rendering using
the combination of a blue pumping LED and a single phosphor.

The excitation spectrum of Ce3þ consists of up to five often dis-
tinguishable excitation bands due to the crystal field splitting of
the excited 5d state. For YAG:Ce3þ, where Ce3þ experiences a
much larger crystal field splitting (�27,000 cm�1) than in most
other oxide compounds,94 the two lowest excitation bands at 340
and 460 nm are well separated (Fig. 13), leading to an almost neg-
ligible absorption at 390 nm.45 Therefore the emission spectrum of
the pumping LED should be chosen such as to nicely match one of
these excitation bands of YAG:Ce3þ. For elevated Ce3þ concentra-
tion, the emission spectrum is red-shifted due to reabsorption
(Fig. 13).45,95

Figure 11. (Color online) Energy level diagram for the free (gaseous) Ce3þ

ion and for Y3Al5O12:Ce3þ, where the effects of the centroid shift and the
crystal field on the degenerate 5d level are indicated. For the 2D levels of the
free ion, the average energy is indicated. The position of the 5d4 level is
uncertain.87 On the right a simplified configurational coordinate diagram
(c.c.) is shown.

Figure 12. Diffuse reflection spectra for Sr2-xEuxSi5N8. Adapted from Ref.
77, copyright (2006), with permission from Elsevier.

Figure 13. (Color online) Emission and excitation spectra for
Y3Al5O12:Ce[0.033%] and Y3Al5O12:Ce[3.3%]. Adapted from Ref. 45,
copyright 2009 American Chemical Society.
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Ce3þ can show luminescence when substituted at both a divalent
or trivalent cation site. At the former site, charge compensation is
required. This can be provided by intrinsic defects, such as vacan-
cies, but this often leads to more significant concentration quench-
ing, with clustering of Ce3þ ions and correlated red shift of the
emission spectrum. Codoping with monovalent cations can improve
the incorporation in this case, by restoring charge balance.96

Also divalent ytterbium can show broad band emission due to a
4f135d–4f14 transition.97 Based on the general behavior of the 4fn and
5d energy level positions in inorganic hosts, the 5d–4f emission ener-
gies of Eu2þ and Yb2þ are expected to be similar within 0.1 eV.98,99

The thermal quenching is in general more prominent for Yb2þ, due to
the closer proximity of the 5d excited state to the conduction band
compared to Eu2þ.98,100 Also the relatively long decay time of Yb2þ

(1–10 ms,99) could lead to saturation for high excitation flux.
However, in many compounds the emission of Yb2þ is absent or

considerably red-shifted (showing so-called anomalous emission,
with larger Stokes shift and larger emission band width), due to
interaction of the 5d excited state with the conduction band levels or
the formation of a self-trapped exciton.101,102 Although this red-
shifted emission appears interesting for LED applications, the rela-
tively strong thermal quenching for Yb2þ doped compounds makes
them less suited as conversion phosphors.

Line emitting rare earths.— Most trivalent rare earth ions (with
Ce3þ as the major exception) yield a set of relatively narrow emis-
sion lines, due to internal 4fn–4fn transitions, which are hardly
affected by the host compound. The host plays some role though in
the emissive properties of these 4f–4f emitters, as it influences the
relative strength of the emission lines (via selection rules associated
with the local symmetry), the crystal field dependent splitting of the
emission lines and the quantum efficiency (through the presence of
non-radiative pathways and the thermal quenching behavior).

Several of these rare earth ions yield visible emission. Espe-
cially Tb3þ (green emission, main peak near 545 nm) and Eu3þ

(orange to red emission, main peak near 600 or 620 nm) are inter-
esting rare earth ions, which have extensively shown their useful-
ness in fluorescent lamp phosphors or cathode ray tubes. As
mentioned earlier the major problem with transferring these mate-
rials to LED applications is the lack of efficient, broad band excita-
tion paths in the near-UV to blue part of the spectrum, as 5d levels
and charge transfer states (CTS) are generally situated well below
350 nm, as illustrated for Y2O2S:Eu3þ (Fig. 14a). For Eu3þ-doped
(Sr,Ba)2CaMoO6 however, energy transfer occurs from the
MoO6

6� complex, which enables efficient pumping around 400
nm (Fig. 14).104

The excitation spectrum can also be extended towards longer
wavelength by sensitizing through the appropriate addition of co-
dopants. For instance, Tb3þ emission can be sensitized by the addi-
tion of Ce3þ.105,106 Addition of Bi3þ has been reported to create
additional (broad band) pathways for Eu3þ.107 We already men-
tioned that efficient white light emission can be obtained by combin-
ing narrow line emission at 460, 540 and 610 nm (Fig. 5). In this
case wLEDs can be made with moderate color rendering properties,
but with high luminous efficiency. Interestingly, the main emission
peaks of Tb3þ and Eu3þ match the required green and red compo-
nent. Also, the use of Eu3þ-doped red phosphors is advantageous
because the reabsorption of the emission of the green phosphor is
avoided, which can be a problem for red phosphors based on Eu2þ.

Several other rare earth ions with visible luminescence have been
studied for LED applications, such as Dy3þ, Sm3þ, Tm3þ and Pr3þ.
Dy3þ(4f9) shows three emission peaks (485, 570 nm and a less
intense red emission around 660 nm) which can in principle lead to
white emission, though with a poor color rendering.108 The red emis-
sion of Sm3þ (4f5) is characterized by several emission peaks at
approximately 560, 600, 650 and 700 nm, in combination with a 4f–
4f excitation peak around 405 nm.109,110 The quantum yield is seldom
reported (which is often the case for the rare earth line emitters),
although it is rather low in heavy metal tellurite glass.109 Tm3þ (4f12)

has a blue emission peak at 450 nm (excitable around 360 nm),111 but
the conversion efficiency is lowered by competing infrared emitting
decay paths.112 Pr3þ (4f2) has several transitions leading to emission
in the visible part of the spectrum, with green emission originating
from the 3P0 excited state and red emission from both 3P0 and 1D2

excited states. The relative intensity is strongly dependent on the type
of host material.113 Adding Pr3þ to YAG:Ce3þ slightly increased the
color rendering (due to a dominating emission at 610 nm), but
strongly reduced the overall efficiency of the phosphor.114 For these
rare earth ions, their apparently limited efficiency, in combination
with the lack of broad band excitation in the near-UV and blue,
makes them less suited as dopants for LED phosphors.

Other dopants.— Although the largest fraction of the state-of-
the-art conversion phosphors is based on the (broad band emitting)
rare earth ions, the use of several other types of dopants has been
reported, such as the transition elements (e.g. Mn2þ, Cr3þ, . . .) and
the s2 ions (Pb2þ, Bi3þ, Sb3þ,. . .).

Divalent manganese has a d5 electron configuration, with emis-
sion originating from parity-forbidden d-d transitions. Using the
Tanabe-Sugano diagrams,115 it can be derived that emission origi-
nates from 4T1 to 6A1 transitions. The position of the lowest excited
state strongly depends on the crystal field strength, which allows
shifting the Mn2þ emission from green to red, depending on the
host.67,116 The emission has typically a FWHM of 60 nm, which is
narrower than for Eu2þ in similar compounds.116,117 Two effects are
associated with the spin and parity forbidden character of the

Figure 14. (Color online) (a) Excitation spectrum for the red Eu3þ emission
in Y2O2S. Adapted from Ref. 103, copyright (2008), with permission from
Elsevier. (b) Excitation (kem¼ 594 nm) and (c) emission (kexc¼ 395 nm)
spectra for orange-emitting Ba1.9Eu0.05Li0.05CaMoO6. Adapted from Ref.
104, reproduced by permission of The Electrochemical Society.
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transition. Firstly, the long decay time for Mn2þ (typically being
several to tens of millisecond67) inevitably leads to saturation in
high flux devices.61,63 Secondly, the low absorption strength for the
direct excitation of Mn2þ hampers its use in LEDs. The absorption
can be increased however by energy transfer following host absorp-
tion or by using suitable sensitizers. The first way is less suited
when using near-UV or blue pumping LEDs. Sensitizing can be
achieved by codoping with Eu2þ,118,119 Ce3þ (Ref. 120) or
Sb3þ.115,121 The energy transfer from the sensitizer to the Mn2þ cen-
ters occurs via exchange interaction, requiring a first neighboring
position.63 Consequently, the emission from the sensitizing ions is
in general still present, even for a much larger Mn2þ concentration
compared to the sensitizer concentration.63 In principle this could be
an advantage, as in this way very broad or even white emission can
be obtained, by appropriately choosing the relative dopant concen-
tration.122,123 However, especially the temperature dependency
should be carefully investigated, to rule out temperature dependent
color shifts.124

Recently, Duan et al. reported strong d-d absorption in
CaZnOS:Mn2þ, where the spin and parity selection rule is appa-
rently strongly relaxed.116 This was explained by a deviation from a
pure tetrahedral symmetry. Data on the quantum efficiency and tem-
perature quenching is relatively scarce for the recently highlighted
Mn2þ-doped compounds (Table II).

Several authors report the use of Cr3þ-doped phosphors, to
enhance the light output in the (deep) red part of the spectrum.125,126

When co-doped in YAG:Ce3þ, intense Cr3þ emission centered
around 700 nm could be obtained, enhanced by energy transfer from
the Ce3þ ions.125 The practical use of Cr3þ for white LEDs is how-
ever very limited, given the very low eye sensitivity for these wave-
lengths. This is also illustrated in Fig. 4 where one observes a strong
drop in the LER of a white light source when the peak wavelength
for the red emission is situated beyond 650 nm.

A final class of dopant ions consists of the so-called s2 ions, such
as Sn2þ, Pb2þ, Bi3þ and Sb3þ, which show luminescence due to a
transition from an nsnp to an ns2 electronic configuration. These lu-
minescence ions have been in the picture for other applications, e.g.
as fluorescent lamp phosphor, with Ca5(PO4)3(F,Cl):Sb3þ,Mn2þ as a
well-known white-light emitting lamp phosphor.115,121 Most ns2-
based phosphors lack efficient excitation bands in the blue or near-
UV part of the spectrum, which probably explains why they are
hardly investigated as LED phosphor. Bi3þ has however been stud-
ied to some extent as sensitizer ion, especially in combination with
Eu3þ.107 Recently some reports were published on borophosphates
and borates activated with Bi2þ, having a 6s26p electronic ground
state configuration.127,128 Several excitation paths in the near-UV or
blue are available, although they are parity-forbidden.

Choice of host material.— From the previous section it is clear
that several dopant ions are available to realize high-performance
conversion phosphors, depending on the type of emission spectrum
aimed for.

The host lattice should also fulfill certain requirements. Obvi-
ously, the host material has to be a thermally and chemically stable
compound to resist the elevated temperatures near the pumping
LED chip and to realize the long lifetime which makes LEDs truly
unique. Also, the material should be optically transparent for the
emitted light. Unless a host-dopant energy transfer occurs, the host
should also be transparent for the emission of the pumping LED,
limiting the choice to wide band-gap materials. Dopants have to be
incorporated in the host material, which is facilitated if there is no
charge or size mismatch between the dopant ion and the substituted
ion in the host. Finally, the phosphor production process should also
be cheap and last but not least environmentally friendly, with
respect to thermal input and the gasses and precursors used.

It would require a tedious effort to use a simple combinatorial
approach for selecting the ‘ideal’ host-dopant combination, espe-
cially because the impact of the composition of the host material on
the luminescence properties is rather strong for certain dopant ions

(e.g. the broad band emitting rare earth ions and Mn2þ). For exam-
ple, Dorenbos listed the luminescence properties (band width,
absorption and emission energy) for more than 300 Eu2þ-doped
compounds,88 effectively showing that the emission can be tuned
from the near UV to the deep red. Figure 15 shows the emission
wavelength for Eu2þ on divalent and monovalent cation sites.88

Data on recently reported Eu2þ-doped (oxy)nitrides were added as
well, in the case of low dopant concentration.

Nevertheless, the emission in many compounds is absent or
shows an unusual behavior, such as a long decay time, broadened
and red-shifted emission (the so-called anomalous emission98),
again showing the strong influence of the host matrix. However,
by modeling the influence of the host’s band gap and the local
environment for the rare earth dopants (symmetry, distance and
type of ions in the first coordination shell) it is possible to predict
up to a certain extent the emission properties of certain host-dopant
combinations, such as the thermal quenching behavior51 and the
position of the rare earth 4f and 5d levels with respect to the host’s
band gap.129

Recently, several review articles have been published on specific
classes of host materials for LED phosphors (such as the (oxy)ni-
trides,55,130 sulfides,131 . . .) listing and discussing the different host
compounds and their synthesis techniques. Therefore, we will here
only discuss the largest ‘classes’ of host materials in a generic way,
focusing on their characteristic properties.

YAG:Ce and its modifications.— The first host compound dis-
cussed is – obviously - the well-known yttrium aluminium garnet
(Y3Al5O12, YAG), partly because of historical reasons, partly due to
it being the workhorse of high-efficient, cool-white phosphor-con-
verted LEDs till this date. A YAG:Ce3þ-based phosphor was used
to produce the first phosphor-converted white LED,132 employing
the blue InGaN LED as developed by Nakamura.133 YAG:Ce3þ was
initially introduced by Blasse and Bril as phosphor for flying-spot
cathode ray tubes, due to its short decay time134 and for similar rea-
sons also studied as scintillation phosphor.83

An excellent overview of the (temperature dependent) emission
properties of YAG:Ce3þ can be found in Ref. 45, while the different
synthesis methods are discussed in Ref. 130. Here we evaluate
YAG:Ce3þ against the six requirements for conversion phosphors
we put forward:

1. YAG:Ce3þ has a very broad emission spectrum with a
FWHM of typically 100 nm, due to the spin-orbit split ground state
of Ce3þ (Fig. 11). Its yellow emission color in combination with
part of the blue emission from the pumping LED yields white light

Figure 15. (Color online) Emission wavelength of Eu2þ-doped compounds,
adapted from Ref. 88. Data (in red) are shown for recently reported Eu2þ-
doped (a) oxynitride and (b) nitride phosphors. Copyright (2003), with per-
mission from Elsevier.
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in the higher CCT range. The color rendering is moderate, although
fair enough for backlighting and lighting conditions where color
rendering is not so important.

2. YAG:Ce3þ can easily be excited by the blue pumping LED,
with a sufficiently broad excitation band near 460 nm showing good
overlap with the LED’s emission spectrum. The spin-allowed, parity-
allowed 4f–5d absorption leads to high absorption strength. Also, the
optimum dopant concentration can be relatively high (about 5%)
before concentration quenching sets in Refs. 45 and 135].

3. YAG:Ce3þ has an excellent thermal quenching behavior,
maintaining more than 50% of the room temperature emission inten-
sity at 700 K,45 at least for low dopant concentration. For higher
dopant concentration, the thermal quenching worsens, although it
still outperforms many other phosphor materials. Also, the emission
spectrum does not show significant changes at higher temperature,
apart from some inevitable broadening.

4. It is characterized by high quantum efficiency (90% and
more), imperative for the production of efficient LED packages.

5. It shows an excellent chemical stability and it shows no
deterioration under high excitation fluxes encountered in
pcLEDs.37,136

6. Due to the allowed nature of the emission transition in Ce3þ,
the emission is fast, with a decay constant of 63 ns.45 Saturation of
the conversion process can thus totally be ruled out.

Obviously, YAG:Ce3þ receives high scores on all six require-
ments. The main drawback of YAG:Ce3þ lies in the lack of emis-
sion in the red part of the visible spectrum, which hampers the
development of LEDs with high color rendering and=or low color
temperature. The emission spectrum can be red-shifted by introduc-
ing Gd3þ or Tb3þ,137,138 while substituting (part of the) Al3þ by
Ga3þ leads to a blue-shift of the emission spectrum.139 In general,
these modified YAG:Ce phosphors show a lower thermal quenching
temperature. Substitution of Al3þ by a combination of Mg2þand
Si4þ leads to a considerable shift of the emission maximum to 600
nm, allowing the fabrication of a warm-white LED with relatively
high color rendering.140,141 The broadness of the emission spectrum,
however, also leads to a considerable fraction of the light being
emitted beyond 650 nm. As the sensitivity of the eye is very low in
this part of the spectrum, the overall efficiency of the pcLED is low-
ered. Therefore, it would be more efficient to add a second, rela-
tively narrow-emitting red phosphor in the phosphor blend.

For higher Ce3þ concentrations, the emission also shows a
(small) red-shift, partially due to reabsorption, along with a reduc-
tion of the thermal quenching temperature.45 For high flux devices,
the use of lower dopant concentrations is thus advantageous. The
associated lower absorption strength can be counteracted by using
translucent ceramic plates as color conversion layer, thus strongly
reducing scattering losses.45 Using pre-characterized ceramic
sheets,142 which are then transferred onto the blue-emitting LED
chip, strongly reduces the binning spread (in emission color) com-
pared to the use of phosphor particles deposited in a resin (Fig. 16).

Sulfides and oxysulfides.— Sulfide hosts, when doped with
Eu2þ, have been in the picture since the early days of phosphor-con-
verted LEDs, because the emission is – in general - red-shifted com-
pared to their oxide counterparts, mainly due to a larger centroid
shift (Fig. 15). A detailed overview of sulfide phosphors and their
uses (including that as color conversion phosphor) can be found in
Ref. 131.

The emission bands of Eu2þ in SrS and CaS show broad band
emission peaking near 620 and 660 nm, respectively, in combination
with a FWHM of typically 70 nm, which is rather well suited for
use as red component in white light LEDs.68 By using solid solu-
tions Ca1-xSrxS:Eu2þ the emission can be tuned from orange-red to
saturated red. Although it has been used in commercial white LEDs,
this class of materials shows several drawbacks, such as a relatively
strong concentration quenching144 and a limited stability upon con-
tact with moisture.58 Also the thermal quenching is rather strong,

especially for Sr-rich compounds and for higher Eu-concentrations.
Even near room temperature, thermal quenching is already signifi-
cant.68 Solid state reactions routes for sulfides often require toxic
H2S gas, although low-temperature solvothermal synthesis routes
are also available,145 yielding sub-micron-sized single crystals.146

Several ternary sulfide compounds have also been proposed as
LED phosphor, with especially the thiogallates receiving some
attention due to much better stability than for instance the thioalumi-
nates [in casu green-emitting SrGa2S4:Eu2þ (Refs. 37, 38, and 71)].
For the M2SiS4 thiosilicate phosphors, the emission can be changed
from deep-blue (Ba2SiS4:Ce) to saturated red (Ca2SiS4:Eu) by
choosing the alkaline earth ion (Ca, Sr, Ba) and the dopant ion (Ce,
Eu).147 A drawback is the relatively low thermal quenching temper-
ature, typically in the 400 to 450 K range.

Many of the above mentioned sulfide compounds show strong
reactivity with atmospheric compounds (moisture, carbon dioxide),
deteriorating the phosphor and subsequently lowering the lumines-
cence. Encapsulation of sulfides by inert and optically transparent
coatings has been shown to considerably enhance the stability, by a
variety of techniques such as non-aqueous sol-gel synthesis or
atomic layer deposition58 (Fig. 9). In principle these techniques are
transferable to other moisture-sensitive compounds. Of course, one
will rather choose an intrinsically stable material (such as most
oxides and nitrides), especially when taking the long lifetime of an
LED device into account.

Recently, MZnOS-based phosphors were reported (M¼Ca, Ba),
having good thermal and chemical stability.116,148 CaZnOS:Eu2þ

shows red emission centered at 650 nm, with a thermal quenching
behavior slightly better than SrS:Eu2þ.148 CaZnOS:Mn2þ has a rela-
tively narrow emission band at 614 nm (FWHM of 50 nm) and shows
strong Mn2þ excitation bands in the 350 to 500 nm range,116 which is
rather uncommon for Mn2þ luminescence.

Another well-known oxysulfide is Y2O2S:Eu3þ, which has
served as cathode ray phosphor due to its efficient red emission. It
can however not be efficiently excited in the near-UV to blue, as the
charge transfer bands are situated below 360 nm and the internal 4f-
4f absorptions of Eu3þ near 395 or 465 nm are weak. Therefore, it is
rather unfair to use it as a benchmark phosphor for assessing the per-
formance of other conversion phosphors upon excitation in the near-
UV or visible.149

Oxynitrides and nitrides.— The need for stable and efficient
phosphors in the red part of the emission spectrum, which oxides
and sulfides cannot easily provide, sparked interest in other types of
hosts with large crystal field and=or large centroid shift. Indeed,
from the six requirements put forward in this Review, it is clear that

Figure 16. (Color online) (Bottom) Schematic view of a white LED with a
Lumiramic (YAG:Ce) phosphor plate on top of the pumping LED. (Top)
Color deviation for LUXEON LEDs (Philips) from the intended device color
for >150 k phosphor-based LEDs (blue) and when using ceramic phosphor
plates (red). Adapted from Ref. 143, reproduced with permission.
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the broad-band emitting rare earth ions Eu2þ and Ce3þ show nearly
ideal properties; the remaining task is to find suitable hosts in which
the red-shift of the emission is large enough. This feature was found
in (oxy)nitride phosphors, which led to intensive research into this
new class of materials during the past decade. Before, their lumines-
cence properties were hardly investigated, although these materials
were studied for their high thermal and chemical stability, strength
and hardness, leading to applications such as abrasives and protective
coatings. This led to a firm basic knowledge about the crystallo-
graphic structures of many (oxy)nitrides, although the system M-Si-
Al-O-N (with M¼Li, Ca, Sr, Ba, La) still needs further exploration.

Detailed overviews of the structure and luminescence of euro-
pium, cerium and manganese doped (oxy)nitride materials can be
found in the Reviews by Ye et al.,130 Xie et al.55,150 and He et al.151

From Fig. 15 and Table II it is clear that several nitride com-
pounds doped with Eu2þ have their emission peak around 600 nm
or at longer wavelengths, such as M2Si5N8 (M¼Ca, Sr or Ba)
(Refs. 77 and 117) and MAlSiN3 (M¼Ca or Sr).48,81 On average,
the Eu2þ emission in oxynitride compounds, such as MSi2O2N2, is
situated in the green-to-yellow part of the visible spectrum.50 In
2005, Mueller-Mach demonstrated a white LED, with stable CCT of
3200 K and Ra of 89, based on a blue InGaN =GaN LED and two
Eu2þ-doped (oxy)nitrides (Fig. 17).40 In the aforementioned hosts,
high quantum efficiencies can be obtained (in combination with ele-
vated doping concentrations for strong absorption) with reasonably
high thermal quenching temperatures.

Alkaline earth nitrides can be prepared by solid state reaction,
using Si3N4 and alkaline earth nitrides or metals.55 Although this
process is suitable for mass production, the reactivity of the alkaline
earth compounds requires handling under protective atmosphere.
Another disadvantage is the high synthesis temperature. To alleviate
this, other techniques were proposed, such as ammothermal synthe-
sis (i.e. a solvothermal synthesis involving supercritical ammonia at
high pressure) and a gas reduction and nitridation process (using ox-
ide precursors and a gas mixture of NH3-CH4).55 Also, using
Si(NH)2 instead of Si3N4 lowers the reaction temperature due to its
higher reactivity.

55

In general, the chemical and thermal stability of the (oxy)nitride
phosphors is hailed as one of their main advantages over other phos-
phors, such as the sulfides. Stability studies, with respect to oxida-
tion or the photo-thermal influence of high excitation fluxes by the
pumping LED, are however hardly reported. Nevertheless there are
some indications of stability issues for certain (oxy)nitride composi-
tions.40,136 For instance, it appeared that (Ca,Sr)AlSiN3 was more
stable82 against oxidation than M2Si5N8 phosphors, the latter show-
ing considerable degradation of the PL intensity when heated to
573K in air, with the stability depending on the stoichiometry.81

Other host compounds.— Obviously many other host materials
have been proposed recently for color convertors, apart from the
garnets, (oxy)sulfides and (oxy)nitrides. Some of these hosts have a
history in other applications (such as fluorescent lamps), and are
currently being (re)investigated for pcLEDs.

The europium-doped silicates (such as Ca2SiO4, Sr2SiO4,
Ba2SiO4 and their solid solutions) are interesting because of the
unusually broad emission bands for Eu2þ,152 which is due to the ex-
istence different lattice sites in the material.153 Sr3SiO5:Eu2þ shows
a yellow-orange emission, while doping with Ce3þ yields greenish-
yellow emission.154,155 A disadvantage of the silicates is the rela-
tively early onset of thermal quenching.136,156

Eu3þ-based phosphors, such as Y2O3:Eu3þ, Y(P,V)O4:Eu3þ,
Y2O2S:Eu3þ played an important role as red component in cathode
ray tube and fluorescent lamp phosphors.67 However, the lack of
broad and strong excitation bands in the blue or near-UV makes
them of little use in pcLEDs. Eu3þ has also been frequently studied
in molybdate and tungstate hosts, because of energy transfer
between the MoO4

2�, WO4
2� or MoO6

6� complexes and the rare
earth ion (Fig. 14).157

Quantum dots and impurity-doped nanoparticles.— Next to the
myriad of impurity-doped semiconductors discussed above, where
the emission originates from electronic transitions within the impu-
rity ion, semiconductor nanoparticles (or quantum dots, QDs) have
also been proposed as color conversion material in LEDs. If they
become extremely small (with a diameter of a few nm), quantum
confinement can occur with a discretization of the electronic band
structure. Compared to the bulk situation, the band gap energy then
strongly increases, with the presence of pronounced absorption
peaks caused by the discretized energy levels.131

To obtain efficient photoluminescence, non-radiative decay via
surface defect states has to be limited, by passivation of the surface
with an organic capping, or the use of an inorganic shell. CdSe is
currently by far the most reported type of quantum dot used in com-
bination with blue pumping LEDs,155,158,159 due to its relatively
high quantum efficiency and the tunability of its emission over the
entire visible range. The emission is relatively narrow, with a
FWHM of typically 30 nm, for quantum dot solutions with a narrow
size distribution. In combination with the small Stokes shift, this
allows combining of a blue pumping LED and green and red emit-
ting QDs (Fig. 18), without spilling too much emission intensity to
the deep-red part of the spectrum, where the eye sensitivity is low.
Jang et al. reported a device with 41 lm=W efficiency based on
multi-shelled CdSe-based green and red emitting quantum dots for
use as backlight in flat panel displays.159 A final advantage of their
small size is the elimination of scattering losses (when compared to
conventional phosphors) and the possibility to embed them into
translucent matrices.160 The use of current QDs as color convertors
on a large scale is however hampered by several issues: i) Cd-based
compounds are hardly acceptable from an environmental point of

Figure 17. (Color online) (left) Dependency on drive current of a 2-pc-LED
emission, using two (oxy)nitride phosphors, up to 4A (2 W=mm2 optical
pump power) and (right) CCT and Ra with drive current and temperature
(shown for 25 and 125�C). Adapted from Ref. 40, Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.

Figure 18. (Color online) Three-band white LED combining a blue InGaN
chip, green-emitting CdSe-ZnSe QDs and red-emitting CdSe-ZnSe QDs.
Adapted from Ref. 160, (VC 2006 IEEE) Reproduced with permission.
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view and the number of alternative, greener hosts with high quan-
tum efficiency, which is a prime requirement for conversion-based
LEDs, is limited. (ii) The small Stokes shift also leads to strong
reabsorption if QDs are used for both green and red emission. Spa-
tial separation of the QDs has been proposed to partially relieve the
reabsorption.158 (iii) Thermal quenching is often quite strong com-
pared to bulk impurity-doped semiconductors, necessitating a
remote approach for high flux devices. It has been suggested that the
organic capping layer of YAG:Ce nanoparticles can be degraded by
the light from a 450 nm pump LED .161

To reduce reabsorption, nanoparticles doped with impurity ions
(such as trivalent rare earths or Mn2þ) have also been in the pic-
ture.162,164 Apart from optical arguments (reduced scattering), it is
not a priori obvious what is the advantage of nanoparticles com-
pared to bulk phosphors. The increased band gap might reduce ioni-
zation and improve the thermal quenching behavior for some mate-
rials. On the other hand, the large surface-to-volume ratio in
nanoparticles offers additional non-radiative decay paths, thus
reducing the overall efficiency.162 For YAG:Ce3þ nanoparticles
with a size of 7 nm, the Ce3þ emission is slightly blue-shifted com-
pared to the bulk phosphor, while the emission intensity was
halved.161 It appears that much progress can still be made in the
field of impurity-doped nanoparticles. One of the main obstacles is
the effective incorporation of dopant ions (rather than merely deco-
rating the surface) if the valence state or ionic radii of dopant and
substituted ions are different.

Particles with sizes in the range of tens to hundreds of nm can be
considered neither as quantum dots nor bulk material. They are not
’real’ quantum systems, where quantum confinement plays an im-
portant role. Nevertheless, these particle sizes are interesting for
incorporation in transparent, refractive index-matched matrices for
reducing scattering losses. Drawbacks of these small particle sizes
are a much larger surface to volume ratio, leading to stronger influ-
ence of non-radiative decay paths caused by surface defects. This
can negatively affect the quantum efficiency and the thermal
quenching behavior. Also dopant incorporation can be less straight-
forward for smaller particles.

Conclusions and Perspectives

The attractiveness of LEDs, stemming from their high efficiency
in combination with a long lifetime and compact design, positions
them as the prime general lighting technology for the (near) future.
Furthermore, the phosphor-based approach is currently preferred over
the combination of three (or four) quasi-monochromatic LEDs,
explaining the current world-wide research effort in phosphor devel-
opment. Although many phosphor systems (i.e. suitable host-dopant
combinations) have been proposed in the last decade, a relatively
small number of phosphors are actually suited to fulfill all require-
ments to arrive at an efficient white LED, with perfect white color
and good color rendering. To assess the latter aspect, we have given
here an overview of different color rendering metrics, focusing on the
color rendering index (CRI) and the color quality scale (CQS). It is
clear that a decent light source should show emission bands (or lines)
spread out over the entire visible range to accurately render all colors.

In this paper we put forward six requirements for LED phosphor
materials, based on which the following conclusions can be made:

1. For high color rendering applications, the broad band emitting
phosphors, such as Eu2þ, Ce3þ and Mn2þ are most suited.

2. The excitation spectrum should have a large overlap with the
pumping LED, which is (often) not the case for the rare earth 4f–4f
line emitters and Mn2þ, unless suitable sensitizers are found.

3. For the elevated temperatures reached in the proximity of the
LED chip, the emission spectrum and intensity of the phosphor
should resemble those at room temperature, to allow a stable per-
formance as function of driving current and ambient temperature.
The influence of temperature on the phosphor’s luminescence is not
systematically reported in literature, although the thermal quenching

behavior is of the utmost importance. Most phosphors fail on this
criterion.

4. The quantum efficiency should be as high as possible, to max-
imize the overall electrical-to-optical conversion efficiency of the
entire LED-phosphor package. Often, it is not reported, although its
determination is relatively straightforward. Obviously, it is hard for
any newly developed phosphors to match the 90% quantum effi-
ciency of the YAG:Ce benchmark.

5. The stability of phosphor materials favors certain hosts over
others (e.g. nitrides over sulfides), although reports on the chemical
and photo-thermal stability of phosphors are relatively rare. Encap-
sulation techniques have proven to considerably enhance the
stability.

6. In high flux devices, the conversion process should not show
saturation. For Eu2þ and Ce3þ this is no issue, while for the slower
decaying 4f–4f rare earth ions and Mn2þ this can be a problem.

A good phosphor should fulfill all six requirements simultane-
ously, and hence reports on new phosphors for light-emitting diodes
should discuss all six. Only then a true evaluation of its usefulness is
possible. Especially measurements of the thermal behavior and the
quantum efficiency are often lacking, although they are primordial
in the evaluation. Nevertheless, the current impetus in phosphor
research leads to the development of myriads of new phosphors,
along with the rediscovery and optimization of ‘forgotten’ phos-
phors which were studied with different applications in mind.
Although many phosphors fail on one or more aspects, many dop-
ant-host combinations are promising and deserve further in-depth
research. Also, phosphor development is still largely based on trial-
and-error in selecting suitable hosts and (co)dopants. A firm theoret-
ical background and modeling of the factors affecting the lumines-
cence properties is therefore desirable as well.

As an illustration we discussed YAG:Ce3þ against the six
requirements. It turned out that this phosphor does very well on all
of them, especially if one can keep the dopant concentration low,
e.g. by using translucent YAG:Ce ceramic plates, so that the thermal
quenching is almost unnoticeable. However, for lighting devices
with low color temperature or high color rendering, the most simple
device architecture, i.e. a blue LED with a single (YAG:Ce3þ) phos-
phor is not sufficient. We can now answer the question which phos-
phors are fulfilling all requirements or summarize in what direction
one should look. When taking the parameters of good excitability in
the near-UV to blue part of the spectrum and a short decay time into
account, along with the possibility to tune the emission spectrum,
the rare earth ions Eu2þ and Ce3þ are clearly the best options. Then
it comes down to choosing the appropriate host, as it will not only
determine the excitation and emission spectra of these ions, but also
the thermal quenching behavior and the (chemical and photo-ther-
mal) stability. For the phosphors emitting in the red part of the spec-
trum, oxynitrides and nitrides are clearly the hosts of choice. This is
an entirely new class of luminescent materials, and its exploration is
still underway. As shown in Table II, several decent (oxy)nitride
phosphors are already available, when taking the quantum efficiency
and the thermal quenching into account.

Even if a phosphor gets high marks on all six requirements, the
actual device development (phosphors in combination with pumping
LEDs) involves several other considerations, such as the ease and
the environmental friendliness of the synthesis method and ulti-
mately also the cost of the material. Physical properties of phos-
phors (such as the particle size) can influence the overall device effi-
ciency (e.g. through scattering losses). Two or more phosphors are
in general required for high color rendering applications, where
reabsorption negatively affects the efficiency. Therefore the devel-
opment of red phosphors, preferably with a relatively narrow emis-
sion band, characterized by a large Stokes’ shift would be favorable.

The future is bright for LEDs. Their unsurpassed efficiency and
compactness makes them the prime illumination source of the
future, allowing strong power reductions and new luminaire designs.
LED’s turn on the light!165
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