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Luminescence Saturation in Inorganic Phosphors under High Flux
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The luminescence behavior of certain phosphor material shows non-linearity within a specific photon excitation range, depending
upon the activator and/or the host lattice. Conventionally, the absorption and emission characteristics of phosphors are measured using
a spectrometer with a light source such as a xenon lamp. Herein, a new measurement system was set up to investigate luminescence
saturation in inorganic phosphors. The effect of the environment on the longevity of the material has been examined for each attribute
and the conditions for luminescence saturation have been discussed.
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Phosphor-converted white light-emitting diodes (pc-WLEDs) are
widely used as a light source in liquid crystal displays and in solid-
state lighting. They are known to be more stable than Ne-, fluorescent-,
and halogen-lamps. In addition, they exhibit an excellent efficiency
of ∼246 lm/W at 20 mA. The pc-WLEDs directly convert electrical
energy into light.1–4 In this conversion process, some electrical energy
is dissipated in the form of heat, which leads to a decrease in the
light efficiency. Heat sinks and cooling fans are also sources of LED
power consumption that lead to a non-negligible decline in the lighting
efficiency.5,6

As the applications of high-power pc-WLEDs continue to increase,
ensuring the reliability of these devices in terms of their optical char-
acteristics and thermal stability has gained importance. In particular,
a decrease in the efficiency of the power output and life-time has also
been reported.7,8 As the current density of the pc-WLEDs increases,
their light output also increases and more heat is emitted.9–11 It is
known that the heat generated in the device increases the tempera-
ture of the active region of the quantum-well (QW) layer in the LED
structure. The elevated temperature may also decrease the bandgap
of the active region, which would cause the generation of more heat
due to non-radiative recombination in the active region. This posi-
tive feedback process reduces the quantum efficiency of the LED and
eventually causes degradation of its luminance and lifetime.12

However, a more commonly encountered phenomenon is droop,
in which the efficiency decreases over a certain level as the output in-
creases. Although many studies have focused on clarifying the cause
of the droop phenomenon and implicated sources such as carrier heat-
ing, carrier escape, and the Auger effect, the exact cause has not been
identified as yet.13–16 Therefore, further detailed studies are necessary.

In general, the reliability of pc-WLEDs at high light-output emis-
sion is evaluated by using a LED package consisting of a blue-emitting
LED chip and inorganic phosphors such as Y3Al5O12:Ce3+ (YAG)
and K2SiF6:Mn4+ (KSF), etc.9,17–19 Under high light-emission, more
heat is generated in the process of converting electrical energy into
light because of the droop phenomenon of the LED chip itself and
the increase in the emission wavelength or a shift in the wavelength
depending on the physical characteristics of the phosphor, such as
thermal stability. This, in turn, lowers the light efficiency of the doped
inorganic phosphor.5,20

Therefore, the reliability of the LED package must be examined
with a focus on the material comprising the doped inorganic phosphor
as well as the droop phenomenon. It is also time-consuming to evaluate
the optical durability and thermal stability of inorganic phosphors
using the existing evaluation equipment such as LM-80 because of
the constraints of this system.
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However, laser diodes (LDs) have high efficiency, are similar to
LEDs, and exhibit higher light output under stimulated emission.21

In addition, the light quality is much superior to that of LEDs with a
narrower bandwidth. Moreover, the photo-emission of LDs is linearly
correlated with the injected current density. Therefore, LDs can func-
tion as an excellent light source for LED pumping, where the droop
phenomenon can be relaxed. Hence, LDs are used as a light source
for the aforementioned analysis.22–24

Herein, a new and reliable evaluation system for analyzing the
optical durability and thermal stability of inorganic phosphors has
been developed. Using this protocol, the performance of a phosphor
under high intensity excitation was evaluated, which afforded high
intensity photo-excitation and did not cause the droop phenomenon.
Moreover, the important issue of “luminescence saturation” has also
been investigated as a phenomenon in which the efficiency of the
phosphor decreases at very high flux of photon excitation. Under high
flux of photon excitation, the relationship of luminescence saturation
to material properties is discussed.

Experimental

The equipment, as shown in Fig. 1, was constructed to evaluate the
high-speed reliability of the phosphor, in high speed as a solid phase
powder itself. This equipment is used to measure the optical durability
of phosphors with the excitation source of LED/LD (Laser Diode) at
high optical density. The reliability evaluation system was composed
of the light source, a sample holder, a light detector, an integrating
sphere to prevent leakage of the reflected light to the incident light
source, an optical fiber and a cutoff filter that differentiated between
the light originating from the light source and emitted light. The
incident light source could be operated in either continuous wave
(CW) mode and/or pulsed mode to avoid self-heating. Since we built
our own equipment, we evaluated the stability of LD and the fact that
the efficiency does not deteriorate even at high power.

In Fig. 2, the performance of a 450nm-emitting LD, which is
mounted on the equipment, was evaluated. Here, the spot size on the
target by an LD is kept constant by keeping the distance between the
target and an LD close as much as possible. Repeated measurements
were made at room temperature and air, not under N2 atmosphere, to
ensure the reliability of our equipment. The relative photon density
was confirmed, as depicted in Fig. 2. As shown in Fig. 1, BaSO4 was
applied to the sample holder placed on the Peltier to totally reflect
the wavelength of 450m excited from the LD. The excited LD is all
reflected by BaSO4 and likewise reflected by doped BaSO4 inside the
integrating sphere. The reflected light is transmitted to the detector
through the optical fiber, and the result is shown in Fig. 2. In this
scheme, the size of beam spot is less than 1.12 mm diameter. However,
the photon intensity on the target is relatively quantized. To verify the
number of maximum acceptable photons (NMAP) for each phosphor, a
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Figure 1. Schematic diagram of high-speed reliability evaluation system.

commercial level of YAG was applied to the sample holder to account
for this as a photon-saturation phenomenon. The YAG was measured
by increasing the intensity of the light source by 50mA from 200mA
which is the reference point of the output.

Figure 2. a. Linearity of the photons output on the driving current of a laser
diode (LD) used in this experiment. No saturation is observed within our
experimental regime. The beam spot size is 1.12 mm of a diameter. b. Stability
of the LD over time at a high power operation of 550mA in CW mode.

Figure 3. Pulse frequency for deriving the LD. It is determined based upon
the decay time of phosphor to avoid the effect of photon accumulation on the
phosphor.

In addition, to clearly distinguish the effects of self-heating of
non-radiative recombination, the YAG was measured in CW mode
and pulsed mode, respectively.22,25 Light source irradiated in pulsed
mode was excited with a frequency of 3.57 Hz to prevent photons
from accumulating due to long decay time and thereby self-heating,
as shown in Fig. 3.

Dependence of the temperature on the luminescence saturation
was also evaluated. We compared the temperature-dependency on the
luminescence saturation in the interval from 298K to 423K. Finally,
it is demonstrated that the luminescence saturation is a result of an
excessive number of photons and not because of the decrease in effi-
ciency due to the destruction of the crystal structure by checking the
reversibility of luminescence behavior at high flux of photon excita-
tion.

Results and Discussion

Luminescence saturation was observed for the inorganic com-
pounds at a high flux of photon excitation. Here, we have defined the
observed degradation as “luminescence saturation”. This phenomenon
means that as the current applied to the light source increases, the
optical characteristics increase, but the photons accumulated at a cer-
tain density or more are saturated finally, resulting in a drastic decrease
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Figure 4. Energy transition in Y3Al5O12:Ce3+ by photoluminescence.

in the light efficiency. This is illustrated by following equations.

Nexc · Abs · PG E · (1 − PEG) · As

A
· τ (T ) · c ≥ NM AP [1]

Naccum = Nexc · Abs · PG E · (1 − PEG) =
∫

d Nin

dt
−

∫
d Nout

dt

when
d Nout

dt
<

d Nin

dt
[2]

Naccum = 0

when
d Nout

dt
≥ d Nin

dt
[3]

The NMAP indicates the maximum number of acceptable photons
and is an inherent, unique characteristic for each phosphor. Nexc in-
dicates the number of photons supplied by the LD output, Abs is the
degree of absorption of the light source, and PGE and PEG indicate the
probability of the system being excited from the ground state to the
excited state and returning from the excited state to the ground state,
respectively. Here, τ(T) is a function of the temperature and indicates
the effective decay time, A is the area of the laser source, and As is
the area of the laser spot. Also, c is a constant that compensates for
the effects of temperature and corrects the decay time and release
rate.

In Fig. 4, the energy transitions in YAG under photoexcitation is
expressed.26 The electronic configuration of Ce3+ ion is [Xe]4f,1 and
the energy gap between the lowest 5d orbital and 4f ground state
is large. The ground state is split into 2F5/2 and 2F7/2 by spin-orbit
interaction. In addition, the 5d configuration of the Ce3+ ion com-
bined with the host lattice (Y3Al5O12) is split by the crystal field
into a doublet (eg) with lower energy and a triplet (t2g) with higher

energy. The excitation absorbed by the phosphor is excited from the
4f1(2F7/2) to 4f05d1 excited state, and the excited photons are emitted
in the form of light and heat, respectively, with radiative recombina-
tion and non-radiative recombination.27–30 According to the energy
transitions above, the photons absorbed from the LD are excited from
the 4f1(2F7/2) ground state to 4f05d1 excited state and the excited pho-
tons are then relaxed to the 4f1(2F7/2) ground state. The relaxation
is divided into two types: non-radiative recombination (dotted line in
Fig. 4) and radiative recombination (downward red vertical arrow in
Fig. 4).25

In this process, there occurs a difference in the velocity of photons
(or number) excited and the velocity of photons (or number) emit-
ted, so that a relaxation process cannot be performed to the 4f1(2F7/2)
ground state and accumulation occurs in the 4f05d1 excited state. Lu-
minescence saturation means that the optical efficiency drops when
the number of accumulated photons (Naccum) exceeds the intrinsic
NMAP of the phosphor, or when the number of photons excited by the
4f05d1 excited state exceeds the NMAP. Thus, when the left and the
right sides of Eq. 1 have the same value, the photon can no longer fall
to the ground state, and this point is called the “saturation point”. It
is the point in time when the number of photons entering the excited
state. In this case, Naccum can be obtained as shown in Eqs. 2 and 3,
according to these two cases. When the velocity of photon absorption
exceeds that of photon emission, photon accumulation starts to occur
and the Naccum is the integral of the difference between the velocities
of Nin (= Nexc

∗Abs∗PGE) and Nout ( = Nin
∗PEG). When the velocity

of Nout is faster than that of Naccum is zero. This is because all the
photons are emitted in the form of light or heat through the relax-
ation process. When NMAP is equal to Naccum, photon saturation begins
to occur.

As depicted in Fig. 5, the photoluminescence spectra of YAG as
current applied to the LD irradiated in the CW mode increases and
the integrated value of the intensities of the emission wavelength
(480∼720nm) with LD-driving current are shown. Under 450nm-
excitation from the LD source, the typical light emission spectra are
shown in Fig. 5a. Moreover, before the saturation point, the lumi-
nance showed a linear relation to the output of the LD. The slope has
a characteristic value for each phosphor sample and can be expressed
as the change in the ratio between the velocity of Nin and the velocity
of Nout. In Fig. 5b, before the saturation point, it was evident that
the slope of the plot increased slightly as the intensity of the light
source was increased by 50mA intervals from 200mA. The YAG of
garnet series is structurally stable. It has excellent durability against
temperature and light source. Therefore, it is assumed that the heat
by the LD does not significantly affect the relaxation process. Here,
since dNout/dt is much larger than dNin/dt, the accumulation of pho-
tons does not occur, so that Naccum converges to zero, and all absorbed
photons are emitted. At 400 to 550mA, the slope of the actual data
is slightly higher than the slope of the expected data. As the inten-
sity of the LD exceeds 400mA, dNin/dt becomes slightly larger than
dNout/dt, and the photons start accumulating. However, Naccum still
converges to zero or less than NMAP in this section. Above 550mA
(saturation point), even if the current applied to the LD is derived
and more photons excite the phosphor, the optical properties do not
increase but rather drop sharply. Considering stability of YAG and
CW mode, it may be caused by following reasons. First, it is most
likely that the Nin is larger than the NMAP and the efficiency drops
because there is little difference between the expected data and ac-
tual data. Alternatively, it can be assumed that degradation occurred
due to an internal/structural defect of phosphor in itself, since it is a
result in the CW mode which does not consider the influence by the
decay time.

For the measurement in pulsed mode, the data on the decay time
of various phosphors were acquired at room temperature and atmo-
spheric pressure, and the values represented half of the luminance
as compared to the initial luminance. Based on this consideration,
the decay time for the pulsed mode has been quoted from the litera-
ture values for the commercial YAG phosphor given that the present
YAG sample was also of commercial level.31 As shown in Fig. 6, the
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Figure 5. a. Photoluminescence spectra of Y3Al5O12:Ce3+ with increasing input power in continuous wave (CW) mode. b. Luminescence behavior of phosphor
in continuous wave (CW) mode excitation.

results are slightly different from those of the CW mode, but tend
to be the same overall, and the saturation point is also the same at
550mA. At 200 ∼ 300mA, as in CW mode, dNout/dt is much faster
than dNin/dt, so absorbed photons will be emitted and Naccum will con-
verge to zero. At 300 ∼ 350mA, dNout/dt slightly decreases and the
slope of actual data slightly increases than those of the expected val-
ues. However, since there is little difference between the two slopes,
it can be assumed that Naccum converges to zero. After 350mA, the
heat of the LD decreases the dNout/dt in the section before the satu-
ration point, and consequently dNin/dt becomes larger than dNout/dt.
Therefore, Naccum begins to gradually develop from this interval, and
Naccum converges to NMAP. After the saturation point, crystal defects
such as laser spots are not visible on the YAG surface, but the effi-
ciency drops sharply when there is little difference from the expected
curve. Through this, it is estimated that the measured YAG sample
is highly efficient and stable for blue light, but the NMAP is relatively
small.

When the light source was irradiated at 200mA and 500mA (just
before the saturation point), the YAG efficiency tended to change
with temperature, and it was shown in Fig. 7. Table I summarizes

the results of increasing the temperature from room temperature to
423K by 25K for each output. Unlike the case of 200mA, which
gradually degrades the optical properties as the temperature increases,
the optical properties are rapidly deteriorated after 323K at 500mA.
This suggests that when evaluating reliability at high power, it is
impossible to absolutely exclude the effect on ambient temperature
as well as the heat by non-radiative recombination. However, we also
can control this effect by using peltier diode. More detailed data will
be published.

Based on the above experimental observation, when a high flux
of photons are irradiated to the phosphor, the certain point of a level
where the light efficiency is sharply lowered occurs. The cause of
this phenomenon can be largely limited to a luminescence saturation
phenomenon or an internal defect caused by deterioration such as
thermal quenching. Unlike the previous measurement, Fig. 8 shows
the luminescent behavior of the phosphor sample, which was exposed
to the photon radiation from the 650 mA-operating for LD 10 min.
Then, the photon excitation is gradually decreased. As shown in Fig. 8,
the photon output is even increased with decreasing photon excitation
over the saturated range. It is decreased with the decreasing photon
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Figure 6. a. Photoluminescence spectra of Y3Al5O12:Ce3+ with increasing input power in pulsed mode. b. Luminescence behavior of phosphor in pulsed mode
excitation.

excitation in normal range. Again, when it is raised over the saturation
region of 650 mA through the saturation point of 550 mA, the optical
characteristic decreases. However, the saturation point shows at the
same level, which confirms the luminescence saturation phenomenon.
However, hysteresis over the saturation region comes from the thermal
effect.

Finally, the simulation by data fitting is shown in Fig. 9, taking into
account factors affecting luminescence saturation phenomenon and
Eq. 1. In this graph, (a) represents the curve expected when photon-
saturation does not occur (green line), and (b) and (c) represent the
actual (blue line) and simulated (red line) data when photon-saturation
occurs.

Conclusions

The optical durability and thermal stability of a solid-phase phos-
phor were evaluated simultaneously and at a high speed using the
developed experimental equipment. The luminescence saturation phe-
nomenon was defined and analyzed based on the experimental data.
Luminescence saturation, i.e., the saturation brought about by the in-
fluence of different variables leading to an accumulation of photons,
caused a change in the luminance and color coordinates of the phos-
phor. This, in turn, led to a reduction in the quantum efficiency of the
phosphor. The conditions under which this phenomenon occurs must
satisfy at least one of the following:

Table I. Relative luminance according to the temperature from 298K to 423K at 200mA-, and 500mA- driving LD excitation, respectively.

Y3Al5O12:Ce3+ 298K 323K 348K 373K 398K 423K

200mA 100 97.5 96.0 93.4 91.9 88.9
500mA 100 95.7 57.2 39.6 30.1 23.4
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Figure 7. a. Variation in luminance with the temperature from 298K to 423K
at an output of 200mA. b. Variation in luminance with the temperature from
298K to 423K at an output of 500mA.

(1) The probability of the activator ions going to the ground state
must be lower than the probability of these ions going to the
excited state. (Naccum > NMAP)

(2) The number of photons excited in the excited state is greater
than the NMAP of the phosphor. (Nin > NMAP)

When these conditions are met, saturation occurs because the num-
ber of photons accumulated (Naccum) in the excited state exceeds the
maximum acceptable number of photons (NMAP) that can be accom-
modated. By creating a database of commercially available phosphor
samples and adjusting the parameters by simulation, the reliability
of the phosphor, which is based on its optical durability and thermal
stability, can be predicted, and optimization and reliability evaluation
of the sample can be expedited. We believe that this measurement
scheme of the luminescence saturation shows the potential as a new
indicator for reliability assessment of phosphors.
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Figure 8. Luminescence behavior of the phosphor sample while decreasing
the intensity of the light source down-to 200mA after the sample experi-
enced the saturation behavior. Here, the phosphor sample are exposed to the
photon radiation for 10 min and started to measure photon intensity at 650mA-
operating LD excitation. Then successively, all the measurement has been done
to low level of 200 mA-operating LD excitation. Again The output intensity is
measured while increasing the input power.

Figure 9. Experimental observation of luminescence behavior with and with-
out luminescence saturation, and graph of NMAP calculated using a pro-
portional constant. (a) Expected curve when luminescence saturation does
not occur (green line). (b) Actual line when luminescence saturation oc-
curs (blue line). (c) Simulated line when luminescence saturation occurs
(red line).
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