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1. Introduction

Luminescent materials (phosphors) are widely used for lighting
applications as they offer almost unlimited flexibility for spectral
variation/color tuning and provide superior color stability which is
required in light-emitting diode (LED) lighting and displays. A
drawback is the efficiency loss in the phosphors. Apart from inher-
ent conversion (Stokes) losses and thermal quenching, the lumi-
nescence intensity generally does not increase proportional to the
intensity of the incident excitation light, but exhibits photosatura-
tion at high illumination levels.[1–3] In the case of LED illumina-
tion, this phenomenon is often referred to as phosphor droop,[2]

analogous to the droop behavior of LEDs
themselves, i.e., the drop of efficiency with
increasing electrical load. Recently, there
has been increased interest in phosphor
droop as there is a trend toward higher
lumen output and higher brightness LED-
based lamps also for special applications
as digital projection, car headlights, and
long distance torches with highly directional
beams.[3–9] The recent advance of blue-laser-
diode-pumped white LEDs has further dem-
onstrated the problem of phosphor droop of
conventional LED phosphors and has
shown that Ce3þ-doped garnets are superior
to other luminescent materials such as
Eu2þ- or Mn4þ-doped LED phosphors.[4,10]

Apart from lighting applications, nonlin-
ear effects also play a role in the behavior of
scintillators. The nonlinear light output with
energy and dose of X-rays is undesired and
has been investigated for many types of

scintillators, especially in those based on Ce-doped garnets.[11–13]

It has been found that these scintillators perform better if a certain
fraction of cerium is present as Ce4þ. The role of Ce4þ has been
shown to be trapping of electrons in the conduction band (CB)
resulting in Ce3þ ions in the excited 5d1 state giving rise to the
desired Ce3þ emission. The beneficial effect of Ce4þ in the scin-
tillators can be understood from competition between trapping of
free CB electrons giving rise to the desired Ce3þ emission and
trapping of electrons in traps, giving rise to undesired afterglow
or quenching of the luminescence. Here, we will show that Ce4þ

can play a similar beneficial role in reducing droop in Ce-doped
garnet rods.
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The luminescence efficiency of Ce3þ in garnet phosphors is among the most
stable for luminescent materials. Still, it has been observed to be reduced at high
incident blue flux (known as droop) due to nonlinear processes caused by the
high lumen density inside the materials. Herein, it is shown that in the case of
Ce3þ-doped garnet concentrator rods, the droop can be explained by excited-state
absorption (ESA) of mainly green Ce3þ luminescence light that is trapped inside
the rods. ESA spectroscopy and thermally stimulated luminescence (TSL)
measurements show that electrons are promoted from the 5d1 excited state of
Ce3þ to the conduction band by ESA and may be either captured by traps or may
recombine with Ce4þ sites to give excited Ce3þ ions giving rise to luminescence.
Therefore, the droop depends on the concentration of Ce4þ ions present, which
can be influenced and optimized by varying the processing conditions of the
samples. Guided by these results, a model is developed that describes the optical
processes. It is used to analyze the observed droop behavior in block-shaped
samples with and without extraction optics.
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It is the aim of this article to shed more light on the photo-
saturation process, especially in block-shaped rods consisting
of cerium-doped garnets such as yttrium aluminum garnet
(YAG:Ce) and lutetium aluminum garnet (LuAG:Ce). These
materials are used in high lumen density (HLD) sources, which
have been developed for use in lighting applications demanding
high brightness, such as digital projection.[5–9] These sources are
based on rods made of transparent (i.e., nonscattering) phosphor
rods that convert light from blue pump LEDs and guide the con-
verted light to a small exit facet which allows for extremely high
brightness that cannot be realized with “normal” white LED
geometries. The schematic layout of an HLD module is shown
in Figure 1a. A block-shaped, highly transparent phosphor rod is
irradiated by light from many blue LEDs, located at one or two
long sides of the rod. This light is absorbed and converted to light
of longer wavelength, which is emitted in all directions. Whereas
part of the converted light can escape from the four long sides of
the rod, the greater part is guided by total internal reflection (TIR)
toward the short sides of the rod. The phosphor rod can be consid-
ered as a luminescent concentrator, of which the principle is well
known from its use in luminescent solar concentrators.[14–16] At one
side, a mirror is placed to redirect all light to the other short side. In
the application, a compound parabolic concentrator (CPC) is used at
the other side to extract as much light as possible from the rod.
Later, we will discuss experiments without CPC as well, resulting
in a large part of the light being trapped inside the rod.

Cerium-doped garnet materials such as YAG:Ce and LuAG:Ce
are stable materials that can withstand high light fluxes and ther-
mal load and are known for applications in lighting and related
application fields[17–19] and scintillation counters for radiation
measurements.[20] The high stability in combination with the
short radiative lifetime of the Ce3þ emission explains why
Ce3þ-doped garnets are the most widely used luminescent mate-
rials in high-power applications such as laser-diode pumped
white LEDs and HLDs. Highly transparent material is needed
for an HLD rod because the light has to be guided over large
distances without being scattered. It is possible to producemono-
lithic garnet materials with this quality.[11] In previous publica-
tions,[5–9] we presented results on the spectral properties of
the materials used, as well as details of the source module
and its efficiency. In Figure 1b, the absorption and emission
spectra of LuAG:Ce are shown.

Here, we report and discuss experimental results for LuAG:Ce
rods as used in HLD sources, aimed at understanding and reduc-
ing droop. A comparison of results with and without extraction
optics gives important information on how droop is related to
green light that is trapped by TIR inside the block-shaped rods.
This is supported by ray-tracing simulations. We also show sup-
porting experiments, such as excited-state absorption (ESA) spec-
troscopy and thermally stimulated luminescence (TSL) that
provide evidence for ESA of mainly green (and also blue) light
giving rise to excitation of electrons from the excited 5d1 state
of Ce3þ to the CB. Next, we develop a model that accounts for
the observed behavior. It is found that the amount of droop
depends on the presence of Ce4þ, as well as impurities and other
defects that may act as electron traps. A model is developed
and used to fit the observed droop behavior. It serves to under-
stand the droop behavior and shows how to reduce droop
through variation of the Ce4þ concentration and electron trap-
ping centers.

2. Experimental Results

In this study, we use LuAG:Ce crystals that are highly nonscattering
(measured scatter length of 400mm). Details of the materials and
experimental setups used are given in the Supporting Information.

2.1. Conversion Efficiency of High Lumen Density Sources

The conversion efficiency is measured using a module like that
sketched in Figure 1a. The sample is a single-crystalline
LuAG:0.08%Ce (mole% Ce substituting for Lu) rod of dimensions
52� 1.9� 1.2mm3. At one rod end, a highly reflective back mirror
is placed. At the other end, a rectangular CPC, made of glass with
refractive index 1.52, can be attached in optical contact to the rod.
At the largest sides of the rod, 56 LEDs, emitting at 445 nm, are
placed (see also Supporting Information). The LED boards are
attached to copper cooling blocks and the rod is held by two copper
cooling blocks as well while avoiding optical contact as much as
possible. The output of the module is assessed in an integrating
sphere.[5]

The measured optical green flux (due to the emission spec-
trum shown in Figure 1b) for a typical rod, with and without

Figure 1. a) Schematics of a high lumen density module. The light emitted by the blue LEDs is converted to longer wavelength light in the phosphor rod.
Most of this light stays guided in the rod until it is extracted by a CPC at the right-hand side. At the left-hand side, a mirror is placed. b) Absorption
spectrum (blue) and emission spectrum (green) of LuAG:0.08%Ce.
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CPC attached, is shown in Figure 2a as a function of the blue
LED optical flux. By taking the ratio of the green flux and the
blue flux, the conversion efficiency ηCE is obtained, shown as dots
in Figure 2b. On the x-axis, the blue flux density is shown
(obtained by dividing the blue flux by the irradiated area). The
solid lines represent fits and will be discussed later
(Section 4). The results in Figure 2 show that the conversion effi-
ciency decreases with increasing blue flux density. The droop and
conversion efficiency are strongly influenced by the presence of
the CPC. It can be observed that the output efficiency roughly
doubles by applying a CPC. The droop, i.e., the relative drop
in conversion efficiency, is 20% without CPC, whereas it is only
12% in the case with CPC (when the blue flux density is
increased from 0.15 to 1Wmm�2). In these experiments, ther-
mal quenching does not play a role. The rod temperature is kept
well below 120 �C, whereas thermal quenching of LuAG:Ce is
less than 10% for temperatures up to about 250 �C.[21]

Therefore, the presented droop effect can be completely attrib-
uted to a decrease in efficiency with increasing optical power.

2.2. Excited-State Absorption

To obtain insight in the origin of the droop, Figure 3 shows the
measured ESA spectrum, as well as the vacuum ultraviolet (VUV)
excitation spectrum from the literature[22] and the TSL excitation
spectrum (see Section 2.3). The ESA experiments were per-
formed using a pump-probe technique[23] (see Supporting
Information). In these experiments, a LuAG:0.08%Ce disk-
shaped sample is irradiated by a 445 nm pump pulse. Shortly
after the pump pulse, the transient absorption spectrum is mea-
sured with a pulsed white light source. The spectrum shown in
Figure 3b has been measured for a delay of 1 ps of the probe
pulse after the pump pulse. In addition, the spectrum was
recorded at pump-probe delays up to 2.5 ns to measure the time
dependence of the transient absorption. It is found that there is a
small but significant decay of intensity at the measured time
scale. From the decrease in the transient absorption signal in
2.5 ns, a decay time of 50–90 ns could be estimated. This is in
agreement with the measured lifetime (65 ns) of the lowest
excited state 5d1 of Ce3þ (see Supporting Information and the

study by Liu et al.[12]), which is a strong indication that the tran-
sient absorption corresponds to transitions from the 5d1 excited
state of Ce3þ to higher excited states.

The ESA spectrum in Figure 3b shows a weak band around
1.1 eV and a stronger broad band with a maximum around
1.9 eV. It can be observed that the ESA is appreciable in the green
(around 2.2 eV) but weaker in the blue region (around 2.6 eV). It
is found that the excited-state absorbance scales linearly with the
power of the pump pulse (see Supporting Information) with a
slope of 1.7� 10�21 m2/OD at a probe energy of 2.2 eV. The
cross section for green ESA, σgESA, can be inferred from this
(see Supporting Information), yielding σgESA¼ 4.1� 10�21 m2

Figure 2. Experimental results for the blue-to-green conversion of a module containing a LuAG:Ce0.08% rod with (red) and without CPC (blue). a) Green
output power versus incident blue power. The dashed line shows the expected linear behavior without photosaturation. b) Corresponding radiative
conversion efficiency versus average blue flux density (dots). The solid lines represent fits (see Section 4, Table 1).
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Figure 3. a) VUV excitation spectrum of LuAG:Ce 0.06% measured for the
green Ce3þ emission at 80 K. Reproduced with permission.[22] Copyright
2004, John Wiley & Sons. b) ESA spectrum of LuAG:Ce 0.08% using a
445 nm pump with pump power of 3.9 mW for a 1 ps delay time between
pump and probe pulse. Note the 2.62 eV shift[28] in the x axis to align the
ESA spectrum to the onset energy of the 5d1 state; c) TSL-excitation spec-
trum of LuAG:Ce 0.08%.
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at 2.2 eV. In the blue region, the ESA cross section (σbESA) is
much smaller; it is �1�10�21 m2 at 2.5 eV. The spectrum and
cross-section values are similar to those measured for YAG:Ce
by Hamilton et al.,[24] showing a broad ESA band for YAG:
Ce3þ with a maximum around 1.8 eV and an absorption cross
section around 10�21 m2. Similar but somewhat lower ESA cross
sections are reported by Lenef et al.[3] for YAG:Ce3þ and LuAG:
Ce3þ. Also for Ce3þ in LiCaAlF6, ESA was reported for Ce3þ with
an absorption coefficient around 10�21 m2.[25]

To understand the origin of the ESA bands, the ESA spectrum
is aligned with the VUV excitation spectrum[22] (Figure 3a). In
the VUV excitation spectrum, transitions from 4f to the various
5d levels of Ce3þ are observed as well as a broad structureless
band starting from about 4 eV due to 4f to CB transitions. The
assignment of the peaks is according to Dorenbos,[26] following
that by Tanner et al. for YAG:Ce.[27] The ESA spectrum is aligned
with the onset of the excitation from the lowest 5d level (5d1)
(zero phonon line[28]), as the ESA transitions start from the
relaxed 5d1 state following excitation in this level by the blue
pump laser.

The narrow band around 1.1 eV has not been previously
reported. The good agreement of the position of this band with
that of the 5d2 excitation band in the VUV excitation spectrum
indicates that this weak absorption originates from the 5d1 to 5d2
ESA transition. The parity forbidden nature of this 5d–5d transi-
tion is consistent with the low absorption strength.

The stronger broad ESA absorption band around 1.9 eV is
assigned to the transition from the 5d1 level to the CB, in line
with previous assignments of ESA for Ce3þ in garnets and fluo-
rides.[3,24,25] The shape of the band shows an initial increase in
absorption strength up to 1.9 eV (�660 nm) followed by a
decrease. A similar spectrum was measured by Hamilton
et al. for YAG:Ce3þ,[24] who explained the different shape of
the ESA spectrum (5d to CB) and the VUV excitation spectrum
(4f to CB) by the difference in nature of the involved wave func-
tions. An alternative explanation is the spectral overlap of the
Ce3þ emission with the probe pulse in the region between 1.9
and 2.6 eV. Possibly, this leads to stimulated emission and an
apparent lower ESA strength in this spectral region.

To further investigate the alignment of the position of the CB
and the onset of the broad ESA band, in the next section TSL
excitation spectra are discussed.

2.3. Thermoluminescence

The LuAG:Ce materials were studied by TSL; details are provided
in the Supporting Information. It is found that Cr3þ, Yb3þ, and
V3þ impurities are present in the samples and serve as electron
traps. Thermoluminescence excitation spectra were recorded,
which give insight into the creation of free charge carriers as
a function of excitation wavelength. After excitation, at each
wavelength a TSL spectrum is recorded and the integrated
TSL intensity is plotted as a function of excitation wavelength.
If a specific excitation wavelength involves a transition to the
CB or a state in the CB, free electrons will be created and can
be trapped. During heating, the electrons can thermally escape
and recombine giving rise to thermoluminescence. On the

contrary, excitation of localized transitions does not free charge
carriers and no TSL signal is expected.[29]

In Figure 3c, we show the TSL excitation spectrum for LuAG:
Ce3þ. The spectrum exhibits the probability for electrons to be
excited from the Ce3þ 4f ground state to the CB leading to trap-
ping by impurities giving rise to a TSL signal upon subsequent
heating in the dark. In the spectrum shown, there is hardly any
TSL intensity for excitation energies below 4 eV. Above an onset
of �4.1 eV, the TSL signal starts to increase with the energy of
the excitation photons. This indicates that the CB onset is
�4.1 eV above the Ce3þ ground state. The increase in intensity
can be related to an increase in density of states toward higher
energies above the CB edge. The shape and position coincide
with the broad ESA band in the (aligned) ESA spectrum (com-
pare Figure 3b,c). Different from the ESA spectrum, no decrease
in intensity is observed on the high-energy side.

A weak peak around 1.1 eV, corresponding to absorption
from the 4f ground state to the 5d2 state, is present in the
TSL-excitation spectrum as well, indicating that ionization from
the 5d2 state to the CB occurs.

To provide additional evidence that excitation in the 5d1 band
is followed by ESA and leads to electrons in the CB, also TSL
curves were recorded under high intensity blue (2.7 eV) and
green (2.3 eV) excitation. From Figure 3c it is clear that a single
photon of either of these energies does not give rise to TSL.
However, when irradiated with high-flux (4Wmm�2) blue laser
light (2.7 eV), the TSL spectrum has appreciable intensity (see
Supporting Information). Irradiation with an even higher green
(2.3 eV) flux (7Wmm�2) does not yield a measurable TSL signal.
This shows that upon irradiation with high-flux blue light, by
absorption to 5d1 and subsequent ESA to the CB, electrons
are excited to the CB and may be trapped. As green photons have
insufficient energy to excite Ce3þ to the 5d1 state, no two-step
excitation mechanism to reach the CB is possible.

Summarizing, Figure 4 shows schematically the energy dia-
gram of LuAG:Ce[26] with (from left to right) the photoexcitation,
ESA and TSL-creation processes and their spectra superimposed.
At the ultimate right, it is shown that an electron promoted to the
CB can be captured by either Ce4þ or by traps. The Ce4þ ions
result from ESA of excited Ce3þ ions, where electrons are pro-
moted to the CB leaving behind Ce4þ. However, Ce4þ ions are
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Figure 4. Schematic energy diagram of LuAG:Ce as probed by VUV pho-
toexcitation, ESA, and TSL-excitation spectroscopy. At the ultimate right,
possible trapping (and detrapping) mechanisms of an electron in the con-
duction band are shown.
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also already present in the material and the concentration can
vary due to annealing or by codoping.[12] Direct evidence for
the presence of Ce4þ ions in LuAG:Ce and similar materials
stems from X-ray absorption near-edge structure (XANES) meas-
urements.[12,13] After trapping, an electron can be (thermally or
optically) promoted to the CB and then be captured by Ce4þ yield-
ing Ce3þ in the excited 5d1 state giving rise to green Ce3þ d–f
luminescence.

2.4. Effect of Air Annealing

Annealing in air can have a significant effect on the performance
of garnet materials as it allows to vary the Ce4þ concentration. As
explained earlier, for scintillators an improved performance has
been reported after raising the Ce4þ concentration; this may be
the result of codoping with Mg2þ or of annealing in air.[12] In
Figure 5, we show conversion efficiency measurements for a
LuAG:Ce rod (without CPC) similar to that of Figure 2, before
(red) and after (green) annealing in air at 1500 �C. It can be seen
that the droop is reduced significantly after annealing.

In Figure 5b, the UV–vis absorption spectra of this rod are
shown before (red) and after (green) annealing in air at
1500 �C (see Supporting Information for more details). The
air-annealed material exhibits a broad enhanced absorption
around 240 nm. This absorption in garnets is typically assigned
to charge-transfer transition from oxygen to Ce4þ.[12,13] The
increased Ce4þ concentration significantly reduces thermolumi-
nescence and scintillator afterglow,[12,13] explained by the compe-
tition between Ce4þ and traps to capture CB electrons. A similar
process can explain the improved droop behavior: if the Ce4þ

concentration is higher, it is more probable that electrons excited
by ESA to the CB are recaptured by Ce4þ (giving Ce3þ emission)
instead of being trapped by impurities, thus leading to reduced
efficiency losses (cf. Figure 4).

Further TSL experiments (see Supporting Information) show
that the integrated TSL intensity drops by a factor 3 after anneal-
ing in air and specific TSL peaks related to Cr3þ, Yb3þ, and V3þ

decrease more than other peaks. Possibly, air annealing does not
only raise the Ce4þ concentration but also results in a change of
valence state of part of these impurities by oxidation. Therefore,
they are not active anymore as shallow traps (e.g., by becoming
Cr4þ). Thus, air annealing can result in changes in the valences

of both Ce and impurities/traps. As will be discussed in
Section 4, both may help to reduce droop.

3. Modeling Phosphor Droop

The conversion efficiency of an HLD source, defined as the ratio
of the green optical power Pg emerging from the front end and
the blue optical power Pb impinging on the sides, can be written
as ηCE ¼ Pg=Pb ¼ a ⋅ r (see Equation (15)), where r is the relative
conversion efficiency describing droop and a is the term in the
conversion efficiency that describes loss processes which are not
dependent on pump power: a¼ ηpumpηStokesηQEηguidηscatηfront.
Here, ηpump is the fraction of blue light that is incoupled and
absorbed, ηStokes is a factor accounting for the Stokes shift,
i.e., the energy loss due to the conversion from blue to green
light, ηQE is the quantum efficiency, ηguid is the fraction of green
light that remains guided by TIR in the rod (i.e., does not escape
from the sides), ηscat is the efficiency of green light that is not
scattered from the sides of the rod (by surface scatter, volume
scatter and/or reabsorption plus reemission[5,9]), and ηfront is
the outcoupling efficiency from the front end (which may include
the effect of extraction optics such as a CPC). All these quantities
will be discussed in more detail in this section. In Section 3.1 we
will introduce rate equations that describe the various relevant
processes in a phosphor rod and in Section 3.2 steady-state sol-
utions will be obtained that lead to formulas for the relative con-
version efficiency r.

3.1. Rate Equations

The experiments displayed in Figure 2 show that the amount of
droop roughly halves after applying a CPC. This observation pro-
vides important information on the droop mechanism. As in the
experiment without CPC, most of the generated green light can-
not exit but is trapped inside the rod; the observation of signifi-
cantly stronger droop pinpoints the prominent role of the green
flux density inside the rod in the droop mechanism.

As a simplification of the model of Figure 4, we will use the
scheme shown in Figure 6a. We consider a luminescent site (ion)
having levels 0, a, and c. For simplicity, the conduction band c is
drawn as a single energy line. By absorbing a blue photon (b), the

Figure 5. a) Conversion efficiency versus blue flux density for a LuAG:Ce rod (without CPC) before (red) and after air annealing (green). The dots repre-
sent measured data, the solid lines are fits (see Section 4, Table 1). b) UV–vis absorption spectra of the rod before and after air annealing.
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site can be brought from the ground state 0 to the excited state a.
We assume that this level can either decay, or absorption can take
place to the higher level c. In the first case, there will first be non-
radiative relaxation (Stokes shift) to a slightly lower vibrational
level (not shown for simplicity), after which decay to the ground
state is possible, either by emitting a green photon (g) or
nonradiatively.

In the second case, there is ESA from level a to the higher level
c, the CB. The electron in the CB may subsequently either be
trapped in a trap state t, or it may be captured again by an absorb-
ing site in an a level (cf. Section 2.4). From now on, with traps we
will refer to sites other than Ce4þ that can capture an electron. A
similar model has been suggested by Lenef et al.[1,3] to account
for photosaturation at laser excitation of ceramic garnet phos-
phors. We will neglect energy transfer between Ce sites, which
only plays a role for high Ce concentrations (well above 0.2%).[3]

Assuming Ce3þ as the absorbing site, the absorption and emis-
sion processes may be described by the following “reactions”

Ce3þ þ hνb ! Ce3þ� (1)

Ce3þ� ! Ce3þ þ hνg (2)

Ce3þ� þ hνb,g ! Ce4þ þ e�c (3)

Ce4þ þ e�c ! Ce3þ� (4)

tþ e�c ! t� (5)

It is possible to write rate equations for the concentrations Na

(m�3) of excited sites and Nc (m
�3) of excited electrons in the CB,

as well as for the concentration Ng (m�3) of green photons

dNa

dt
¼ σN0Ib �

Na

τ
� σbESANaIb � σgESANaIg þ kaN4Nc (6)

dNc

dt
¼ σbESANaIb þ σgESANaIg � kaN4Nc � ktNtNc (7)

dNg

dt
¼ Na

τr
� σgESANaIg � αsIg (8)

In the first equation, σN0Ib describes the absorption of blue
light; σ (m2) is the cross section for absorption of blue light by a
luminescent site, N0 (m

�3) is the concentration of luminescent

sites in the ground state, whereas Ib (m
�2 s�1) is the blue photon

flux. If N0 is assumed to be constant, α ¼ σN0 is the absorption
coefficient (m�1) of the material for blue light. The second term,
�Na=τ, describes the decay from the excited state to the ground
state, which can occur nonradiatively or by emission of green
light; τ (s) is its (total) decay time. One can write
τ�1 ¼ τ�1

r þ τ�1
nr , where τr and τnr are the decay times for (spon-

taneous) radiative and nonradiative decay, respectively. We will
neglect stimulated emission as well as depletion of the ground
state,[1,3] which will occur at much higher brightness levels than
those considered here.

The terms σbESANaIb and σgESANaIg describe ESA, where
σbESA and σgESA are the cross sections for blue and green
ESA, respectively. The terms kaN4Nc and ktNtNc describe decay
from the CB to the excited state a and trap states t, respectively.
As remarked earlier, Ce4þ is already present in a concentration
that depends on the processing conditions, implying that N4, the
concentration of Ce4þ, can vary and be controlled by the synthe-
sis conditions. We will assume N4 and Nt (the concentration of
traps) to be constant for each specific concentrator rod and write
τ�1
a ¼ kaN4 and τ�1

t ¼ ktNt as time constants (s�1). For simplic-
ity, we assume one type of traps. Furthermore, it is assumed that
the traps do not saturate and that emptying of traps can be
neglected. In the Supporting Information, we consider possible
detrapping. The Equation (7) represents the changes in electron
population Nc of the CB.

The Equation (8) describes the change per second of the con-
centration Ng of green photons. The green flux Ig (m

�2 s�1) can
be written as Ig ¼ Ngc=n, where c is the velocity of light and n is
the refractive index of the luminescent material. The first term at
the right, Na=τr, describes (spontaneous) radiative decay of the
excited state; the second term is the decrease due to green ESA.
The last term, �αsIg, accounts for escape from the sides of the
luminescent sample (see Figure 6b), with αs (m�1) being an
effective “scatter” coefficient for this escape per unit length of
the rod. In Section 3.2 we will see that this quantity is related
to the effective efficiency for green light not lost by scatter as
ηscat ¼ 1=ðαsLÞ, where L is the rod length. In Section 3.3 we will
determine αs from ray-tracing simulations.

In a rectangular rod, there is a small issue with the earlier
description of escape. The generated green light that hits one
of the long sides at an angle smaller than the TIR angle will

Figure 6. a) System with ground level 0 and excited level a. From a, radiative or nonradiative decay is possible to the ground level. Also, ESA is possible by
absorption of either blue or green light to the conduction band c. From c, nonradiative decay is possible to either level a or to a trap state t. Part of the
green light (gout) can escape from the material. b) Schematic drawing of a luminescent rod containing sites like those of (a), pumped by blue light that is
converted to green light. The green light escaping both the front and the sides of the rod corresponds to gout.
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escape at the first hit. For LuAG, with refractive index n¼ 1.83,
the escape loss is a fraction 0.08 per side, i.e., 0.32 for the four
long sides. This escaped light will not be taken into account in
Equation (8). The fraction ηguid¼ 0.68 that remains guided inside
the rod can escape only by scatter. To account properly for this,
we will not consider in αs the escape at first hit, but we will mul-
tiply the termNa=τr by a factor ηguid; then ηguidNa=τr corresponds
to the amount of generated light that stays in the rod by TIR. This
green light will fill the volume of the rod more or less homo-
geneously. For an irregularly shaped sample, there is hardly
any guiding of light and one may include all escape loss in αs
and put ηguid ¼ 1.

Another point that should be addressed is how much blue
light is absorbed in the rod. If the blue light impinges mainly
along the z direction of the rod (see Figure 6b), its intensity along
this direction can be written as I0bðzÞ ¼ Ibexpð�αzÞ (where we
neglect small additional contributions to the absorption due to
blue ESA and possible optical detrapping by absorption of blue
light by trapped charge carriers). Averaging over the thickness d
in the z direction yields that Ib in the first term of Equation (6)
has to be replaced by Ibη0pump=ðαdÞ, where η0pump ¼ 1� expð�αdÞ
accounts for possible incomplete absorption of the pump light. If
Ib is taken to be the flux emitted by the blue LEDs, this has to be
multiplied by the incoupling efficiency ηin accounting for Fresnel
losses and skew rays missing the rod. So, if ηpump ¼ ηinη

0
pump is

the fraction of blue light that is incoupled and absorbed, σN0Ib
has to be replaced by Ibηpump=d. In the aforementioned equa-
tions, Na now refers to the z-averaged density of excited sites.

3.2. Steady-State Solutions

In this article, we will only consider the steady state, where the
time derivatives in the equations are zero. This will describe the
flux-dependent behavior of the efficiency, i.e., droop. We will
assume that N0 does not decrease too much (no depletion of
Ce3þ in the ground state) and can be considered constant.
Putting the time derivatives to zero, the ratio between the green
flux propagating in the rod and the blue flux from the LEDs
can be found. In case there is no ESA nor trapping
(i.e., σgESA ¼ σbESA ¼ ka ¼ kt ¼ 0), we obtain

Ig
Ib

¼ ηpumpηguidηQE
αsd

(9)

where ηQE ¼ τ�1
r τ is the quantum efficiency. In the general case,

including ESA and trapping, we obtain

Ig
Ib

¼ ηpumpηguidηQE
αsd

⋅ r (10)

defining the relative conversion efficiency r. Furthermore, we
define f ¼ τ�1

t =ðτ�1
a þ τ�1

t Þ as a measure for the competition
between Ce and traps to capture electrons excited to the CB.
For f¼ 0 (implying τ�1

t ¼ 0, i.e., no traps or all traps filled),
we find

r ¼ 1=ð1þ pgESAIbÞ (11)

where pgESA ¼ ηpumpτσgESA=ðαsdÞ can be considered as a droop
parameter due to green ESA. In the Supporting Information,

it is discussed that the same formula is found for f 6¼ 0 in case
detrapping is present if not done by green light.

If f 6¼ 0 (i.e., trapping occurs) and σgESA ¼ 0 (no green ESA),
the steady-state result is

r ¼ 1=ð1þ pbESAIbÞ (12)

with droop parameter pbESA ¼ τf σbESA.
For the most general and realistic case of f 6¼ 0 and σgESA 6¼ 0,

we find

r ¼
n
�ð1þ pESAIbÞ

þ ½ð1þ pESAIbÞ2 þ 4pgESAηguidηQEf Ib�12
o
=ð2pgESAηguidηQEf IbÞ

(13)

with pESA ¼ pgESA þ pbESA. In the limit that f (and therefore pbESA)
approaches zero, Equation (11) is recovered. Equation (10)–(13)
describe the dependence of the losses in conversion efficiency as
a function of ESA probability, lifetime of excited state, strength of
blue light absorption, scattering of propagating light inside the
rod, and electron trapping probability.

In Figure 7, the relative conversion efficiency r as a function of
blue flux density is shown for various cases. We note that
Equation (12), describing blue ESA, is independent of the param-
eter αs, describing the amount of outcoupling. However, as dis-
cussed earlier, the droop does depend on the outcoupling
efficiency (it differs with or without CPC). Equation (11) and (13),
describing green ESA, give a more accurate description because
they depend on αs. The additional effect of blue ESA on top of
green ESA is found to be not very large, especially because
σgESA > σbESA (see Figure 3b) and because, in the geometry used,
the density of green photons builds up in the rod and is much
larger than the density of blue photons. Later we will use ray-
tracing to investigate how the conversion efficiency depends
on scattering parameters and the presence of a CPC.

Like in the experiments, in Figure 7 we use optical flux den-
sities (W m�2) Φb ¼ hνbIb and Φg ¼ hνgIg, with νb and νg being
the frequencies of the incident blue and generated green light,
respectively. Then a factor ηStokes ¼ νg=νb accounts for the Stokes
shift, i.e., the energy loss due to the conversion from blue to
green. We also use optical fluxes (W), the external blue flux Pb ¼
AsideΦb and internal green flux P0

g ¼ AfrontΦg, where Aside and
Afront are the surface areas (m2) of the sample side covered by
LEDs and the outcoupling (front) side, respectively. The conver-
sion efficiency in terms of the internal green flux may be
expressed as P0

g=Pb ¼ ηStokesIg=ðIbGÞ, with the geometrical con-
centration factor G ¼ Aside=Afront ¼ L=d (note that, for a rod, this
G factor can be of the order 100). The internal conversion
efficiency can then be written as

P0
g=Pb ¼ a

0 ⋅ r with a
0 ¼ ηpumpηStokesηQEηguidηscat (14)

where ηscat ¼ 1=ðGαsdÞ ¼ 1=ðαsLÞ is an effective efficiency for
the light that is not lost by scatter. To obtain the external green
flux Pg ¼ ηfrontP0

g, the internal green flux should be multiplied by
the outcoupling efficiency ηfront (which may include the effect of
extraction optics such as a CPC). Then the (external) conversion
efficiency becomes
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ηCE ¼ Pg=Pb ¼ a ⋅ r with a ¼ ηpumpηStokesηQEηguidηscatηfront

(15)

Note that ηscat may be larger than 1 (if light is trapped by TIR
inside the block-shaped sample), but the product ηscatηfront is
always smaller than 1. In Section 3.3, ray tracing will be used
to determine a and a

0
.

Figure 7 shows the relative conversion efficiency r for various
values of the droop parameter pESA for the cases f¼ 0 (Figure 7a),
i.e., trapping can be neglected, and f¼ 1 (Figure 7b), i.e., trapping
is very efficient. The effect of blue ESA is neglected here.
However, Figure 7a is also valid for the case of blue ESA with
f 6¼ 0, σgESA ¼ 0 (Equation (12)). In all cases, we take ηQE ¼ 1,
which is a valid assumption in view of the high quantum yield
of Ce3þ emission in garnets (no nonradiative decay). It can be
seen that, for large values of pESA, the droop is significant.
For f¼ 1, the droop is larger than for f¼ 0, nearly twice as large.
The physical explanation is that, in the latter case, two photons
are lost (a blue and a green), whereas in the first case only one
photon is lost because a green photon is recovered by electron
trapping by Cr4þ followed by emission from level a. In the
Supporting Information, we show that Figure 7a is also valid
for f 6¼ 0 if detrapping by green light is included and p0gESA ¼
pgESAð1þ τaτ

�1
t Þ is substituted for pESA. In the latter case, the

droop can be large if τaτ�1
t is large (dominant decay to traps)

because three photons are absorbed. In Section 4 we will discuss
fits to the measured behavior presented in Section 2.

3.3. Ray-Trace Simulations

Although the flux-dependent efficiency variations cannot be sim-
ulated using ray tracing, it is possible to calculate the amount of
light trapped inside a luminescent sample using this method. We
performed simulations using the ray-tracing program
LightTools,[30] which has shown to give good results for, e.g., con-
version efficiencies. For details, we refer to previous publica-
tions.[5,7–9] Apart from a detector just outside the front end of
the CPC or of the rod (in the case without CPC) that registers
the (external) conversion efficiency (parameter a in
Equation (15)), also a (virtual) detector is placed inside the rod
just before the exit facet of the rod (see Figure 8, insets, dashed
lines). The latter registers the internal conversion efficiency
inside the rod (parameter a

0
, Equation (14)).

In Figure 8, simulation results are presented as a function of
the scatter mean free path of the rod material. Two cases are con-
sidered: (a) without CPC and (b) with CPC (n¼ 1.52). The sim-
ulations are done for a rod of LuAG:Ce with dimensions
52� 1.9� 1.2mm3, illuminated from the 52�1.9 mm sides with
a LED spectrum centered at 445 nm. The quantum efficiency is
assumed to be ηQE¼ 0.95. The used (volume) scatter model is
that of Henyey–Greenstein (with asymmetry parameter
g¼ 0.85);[30] surface scatter is neglected. Our model accounts
also for reabsorption followed by reemission, which effectively
can lead to losses analogous to those due to volume scatter.[5,9]

The blue lines show the (external) conversion efficiency (with-
out droop) for the outcoupled light, that is, the parameter a of
Equation (15). The values for the internal conversion efficiency
a
0
have been converted to the droop parameter pESA, assuming

that blue ESA is negligible (so pESA ¼ pgESA). Comparing
Equation (14) with the equation below Equation (11) for pgESA,
we see that this parameter can be determined if ηStokes, ηQE,
ηguid, τ, and σgESA are known. Using ηStokes¼ 0.8, ηQE¼ 0.95,
ηguid¼ 0.68, τ ¼ 6.5�10�8 s, and σgESA ¼ 4.1�10�21 m2 (see
Section 2) and converting to Φb (Wmm�2), it is found that
the droop parameter pESA and the internal conversion efficiency
a
0
are connected as pESA ¼ 0.051a

0
, yielding the values shown in

Figure 8 (red lines). The accuracy in the conversion factor
adds up to approximately �10%. Furthermore, also the
effective scatter coefficient αs (and the effective scattering
efficiency ηscat) may be determined if ηpump is given. With
ηpump¼ 0.9, one obtains α�1

s ¼ 2.2pESA (m) (and
ηscat ¼ 43pESA). The outcoupling efficiency ηfront equals a=a

0

(i.e., the blue value divided by the red value times 0.051), whereas
the product ηscatηfront ¼ 2.2a.

In the case without CPC (Figure 8a), the value of pESA and
therefore the droop can be large. This is caused by the effect that
the internal green flux (pESA divided by 0.051) may exceed the
initial blue flux by an order of magnitude. The reason is that
green light that is reflected once will stay forever inside a rectan-
gular rod without outcoupling device, unless it changes direction
by scatter or reabsorption/reemission. Note that, to obtain the
ratio of the internal flux density to the incident blue flux density,
the internal conversion efficiency should be multiplied by the
geometrical concentration factor G ¼ 43, yielding internal flux
densities of many hundreds of W mm�2 (at incident blue flux
densities around 1Wmm�2) in the case without CPC. If a

Figure 7. Relative conversion efficiency versus blue flux density for various values of pESA: a) f¼ 0, b) f¼ 1.
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CPC is present, the flux density inside the rod is much smaller
and pESA is significantly reduced (Figure 8b).

For a sample that is not block-shaped with 90� angles, the
internal conversion efficiency a

0
is always smaller than 1. Ray-

trace simulations on a disc-shaped sample yield values ranging
from 0.5 to 0.8, depending on sample properties such as surface
roughness. As mentioned before, for such samples one can take
ηguid � 1. Furthermore, also G � 1 for nonblock-shaped sam-
ples, implying that the droop is small, pESA � 0.0006 times
the internal conversion efficiency a

0
. This would imply a relative

droop <0.001 at an incident blue flux density of 1W mm�2.

4. Discussion of Droop Behavior

In Section 2 and 3 we presented experiments and simulations to
measure and model the droop behavior in LuAG:Ce3þ concen-
trator rods, for the cases with and without CPC and for varying
the Ce4þ concentration that influences the trapping parameter f
(which describes the role of electron trapping versus direct
recombination of CB electrons with Ce4þ, yielding Ce3þ emis-
sion). In this section we compare and discuss the outcome of
the various methods to gain understanding of the droop behavior
and find that results are consistent and trends can be explained
but that it is not possible to uniquely determine f (and therefore
the droop parameter pESA), as the quality of fits upon varying the
(too) many parameters is similar.

We used Equation (11) and (13) to fit the presented measured
droop curves, i.e., conversion efficiencies as a function of blue
flux density (shown in Figure 2b and 5a). In all cases, the fits
are given by the full lines, with the parameter a of
Equation (15) given by the value for extrapolation to zero blue
flux density. It was found that the parameter f, describing the
trapping probability, cannot be determined unambiguously;
for each chosen value of f a good fit could be obtained and
the curves shown are indistinguishable for different f values.
Therefore, additional data are needed to determine the exact
nature of the droop behavior. Nevertheless, as will be discussed
later, some qualitative and semiquantitative conclusions can be

drawn and the values for pESA obtained for the extreme cases
( f¼ 0 or f¼ 1) can be compared with values derived from the
modeling presented in Section 3.

In Table 1, we give the fitted values of pESA for both f¼ 0 and 1.
It can be seen that in the case f¼ 0 (negligible trapping) the
obtained values for the droop parameter pESA are nearly twice
as large as in the case f¼ 1 (fast trapping). The reason is that
in the former case only one photon is lost in the ESA process
because the absence of trapping results in emission after recom-
bination with Ce4þ, whereas in the latter case two photons are
lost. This implies that in the f¼ 0 case there are lower losses
and a larger droop parameter pESA is required to account for
the same loss of efficiency. Furthermore (Figure 2b), in line with
the discussion at the beginning of Section 3, the value of pESA for
the case without CPC is nearly twice as large as that with CPC.
The reason is that the higher density of green photons without
CPC enhances the probability for ESA. Finally (fits for Figure 5a),
it is found that before annealing the value of pESA is more than
three times as large as after annealing. This is an indication that
the increased amount of Ce4þ reduces the droop significantly. As
discussed in Section 2.3, this may also partly be due to the fact
that other impurities (e.g., Cr3þ, V3þ, Yb3þ) are oxidized after
annealing and therefore do not play a role as electron traps
any longer. There is some spread in performance among the rods
(“Figure 2b without” and “Figure 5a before” are in principle the
same experiments but were performed on different rods and give
slightly different values for pESA), presumably due to small

Figure 8. Results of ray-tracing simulations for the conversion efficiency (blue, left axis) and the parameter pESA (red, right axis), obtained from the
amount of light inside the rod (dashed lines in insets): a) without CPC, b) with CPC. The dotted lines correspond to the experimental scatter mean
free path of 0.4m.

Table 1. Fitted values of pESA for the droop curves presented in the various
figures. The fits for Figure 2b represent the conversion efficiency as a
function of blue incident flux for a nonannealed rod with and without
CPC while the fits for Figure 5a concern the conversion efficiency for a
similar rod without CPC before and after annealing in air.

pESA Figure 2b Figure 5a

With CPC Without Before After anneal

f¼ 0 0.16 0.29 0.36 0.11

f¼ 1 0.09 0.17 0.22 0.06
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differences in trap concentration. Note that, as ESA always can
occur in these garnet materials, droop is always present (unless
the effective scatter parameter αs would be very large, which
severely limits the light path through the absorbing medium
and would result in a low overall conversion efficiency).

It is interesting to compare these experimentally obtained val-
ues with those obtained by the ray-tracing simulations of
Section 3.3 at the measured scatter mean free path of 0.4 m.
To obtain the simulated pESA values of Figure 8, we used the val-
ues ηStokes ¼ 0.8, ηQE ¼ 0.95, ηguid ¼ 0.68, τ ¼ 6.5 � 10�8 s,
σgESA ¼ 4.1 � 10�21 m2, obtained from the experiments of
Section 2 and consistent with values reported in literature.
The simulated value is pESA ¼ 0.17ð�0.02Þ (for the case without
CPC) and compares reasonably well with the f¼ 0 fit for the
annealed sample (pESA ¼ 0.11). This low f value (implying no
or slow decay to traps) is in line with the idea that the presence
of Ce4þ in the air-annealed samples inhibits trapping or that the
effective trap density is low. The high value for pESA in the non-
annealed sample (“Figure 5a before”) is consistent with trapping
playing a larger role (f 6¼ 0), yielding pESA values of approxi-
mately 0.2 without and 0.1 with CPC. A factor that can complicate
the present analysis is the possibility of optical detrapping that is
not taken into account in the present analysis. In the Supporting
Information, it is shown that in that case the droop parameter
pESA is expected to be large.

Optical detrapping would result in the loss of another photon
that excites a trapped electron into the CB. This will constitute the
loss of an extra photon if the electron is captured by a trap again.
However, it may also give rise to another luminescence photon, if
the electron is captured by Ce4þ and the resulting Ce3þ* decays
radiatively. Note that, in this article, we only considered the
steady-state solutions of the rate equations, whereas the time
scale of detrapping might be much slower than that of the other
processes. In a forthcoming study[31] we will consider the time-,
temperature-, and light flux-dependent behavior of cerium-doped
garnet samples in more detail. We will extend the model to
include the presence of various kinds of traps and study trapping
phenomena further using TSL experiments. This may give fur-
ther insight in how traps influence the amount of droop and lead
to the development of improved garnet materials.

5. Conclusion

We have investigated the drop in blue to green conversion effi-
ciency under high excitation densities in LuAG:Ce3þ concentra-
tor rods to provide insight in the droop mechanism and to obtain
a more quantitative understanding of the factors influencing
droop. Luminescence spectroscopy, ESA, and TSL excitation
spectroscopy were combined to position the 4f ground and 5d
excited states of Ce3þ relative to the host CB. This made it pos-
sible to assign the weak near infrared band in the ESA spectrum
to a 5d1–5d2 transition on Ce3þ and the stronger broad band in
the visible region to ESA from the 5d1 state to the conduction
band. The ESA cross section for green and blue light was deter-
mined and used to model the experimentally observed power
dependence of droop.

The blue to green conversion efficiency was measured as func-
tion of blue input power for different geometries and LuAG:Ce

concentrator rods. The main mechanism responsible for droop is
ESA of green light promoting electrons from the 5d1 state to the
CB. Qualitative support for this conclusion is provided by the
significantly stronger droop in LuAG:Ce rods without light
extraction optics. Reduced outcoupling of green light strongly
increases the green photon density inside the rod, resulting in
enhanced droop. Quantitative analysis shows that ray-tracing
simulations are consistent with the observed droop behavior
based on ESA of green light and reveal that the internal green
flux density can exceed the incident blue flux by several orders
of magnitude in the concentrator rods. Together with the higher
absorption cross section for green ESA compared with blue ESA,
this explains the dominant role of green ESA in the droop.

Further evidence for droop by ESA is provided by the obser-
vation of reduced droop for LuAG:Ce concentrator rods annealed
in air. Air annealing oxidizes part of the Ce3þ to Ce4þ. A higher
Ce4þ concentration favors direct recombination of CB electrons
with Ce4þ yielding Ce3þ in the excited 5d1 state followed by green
emission. The alternative path, trapping of CB electrons by
defects and impurities such as Cr3þ, V3þ, and Yb3þ, does not
result in green emission and therefore gives rise to larger effi-
ciency losses (stronger droop). Quantitative analysis shows that
through air annealing the droop parameter can be reduced by a
factor of �3. The present results provide insights in the droop
mechanism for LuAG:Ce concentrator rods which can help to
mitigate the droop losses but also show that some droop cannot
be avoided in high-brightness applications.
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the author.
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