Reprinted from

RAPID COMMUNICATION

Investigation of Remote-Phosphor White Light-Emitting Diodes with Multi-Phosphor Layers
Yiting Zhu and Nadarajah Narendran

Jpn. J. Appl. Phys. 49 (2010) 100203

# 2010 The Japan Society of Applied Physics

Person-to-person distribution (up to 10 persons) by the author only. Not permitted for publication for institutional repositories or on personal Web sites.

Japanese Journal of Applied Physics 49 (2010) 100203

RAPID COMMUNICATION

Investigation of Remote-Phosphor White Light-Emitting Diodes with Multi-Phosphor Layers
Yiting Zhu and Nadarajah Narendran
Lighting Research Center, Rensselaer Polytechnic Institute, Troy, NY 12180, U.S.A.
Received March 24, 2010; accepted August 2, 2010; published online October 5, 2010
To understand how multiple phosphors in a mixture or stacked layers affect the performance of the remote-phosphor ‘‘scattered photon extraction
(SPE)’’ white light-emitting diode (LED), a laboratory study was conducted with commercial yellow [quantum efficiency ðQEÞ ¼ 0:91] and red
(QE ¼ 0:59) phosphors in equal amounts. The highest light output was obtained when the longer-wavelength red phosphor was placed as the
second layer. Experiments showed that when using two phosphors in an SPE package, several factors influence the performance: mixture or
stacked layers; specific layer order; phosphor densities; phosphor external QE; overall spectral power distribution (SPD); phosphor excitation and
emission spectra and efficiencies. # 2010 The Japan Society of Applied Physics
DOI: 10.1143/JJAP.49.100203
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Fig. 1. (Color online) SPE LED packages with multi-phosphor layer
configurations: (a) Y-R (yellow first, red second); (b) R-Y (red first, yellow
second); (c) YR random mixture.

Normalized radiant power

hosphor-converted, InGaN-based white light-emitting diodes (LEDs) are now competing with traditional light sources in a number of applications.
However, to achieve the industry-set eﬃcacy goal of 200 lm
per watt, improvements are needed at several stages,
including phosphor-conversion eﬃciency and extraction
eﬃciency of phosphor-converted photons. Past studies have
addressed synthesis methods to improve the phosphor
quantum eﬃciency1,2) and placement of phosphor away
from the chip to improve light extraction eﬃciency.3–5) The
scattered photon extraction (SPE) method, in which the optic
between the chip and the remote-phosphor layer is tailored
to extract the backscattered photons, has shown 60%
improvement in phosphor-converted photon extraction.3)
While light output and luminous eﬃcacy improvements
are essential, improvements are also needed in the color
properties. Mixing a red phosphor, like SrS:Eu2þ or
Sr2 Si5 N8 :Eu2þ , with a green or yellow phosphor, like
YAG:Ce3þ , SrGa2 S4 :Eu2þ , or SrSi2 O2 N2 :Eu2þ , is one way
to improve color.6–8) However, mixing several phosphors
randomly can reduce eﬃciency through emission and
reabsorption of light by diﬀerent phosphor types.6,9–13) As
a solution, past studies have investigated stacked phosphor
layers placed adjacent to the LED chip and concluded that
placing the phosphor with ‘‘the lowest energy of excitation
edge’’11) — the longer-wavelength red phosphor — as the
ﬁrst layer above the chip results in higher eﬃciency due to
reduced reabsorption.11–14) This is because the overlap is
avoided between the phosphor emission (‘‘red’’) from the
ﬁrst layer and the phosphor excitation (‘‘green’’ or ‘‘blue’’)
from the second layer. It is not clear, however, whether the
same rule of phosphor order applies to remote-phosphor
conﬁgurations. The objective of the study presented here
was to understand how multiple phosphors in a mixture or
stacked layers aﬀect the ﬁnal performance of a remotephosphor white LED, namely the SPE package, in terms of
light output and color properties.
Commercial YAG:Ce3þ (yellow) and SrS:Eu2þ (red)
phosphors were applied to three SPE lenses in diﬀerent
conﬁgurations and mounted on three high-power blue LEDs
(Fig. 1). The SPE LED consists of transparent optics in
the shape of an inverted pyramid with a layer of phosphor
placed on the optics’ wide base. The SPE optics direct the
blue LED radiation toward the phosphor layer, and this
radiation is either absorbed, converted and emitted, or

Fig. 2. (Color online) Excitation and emission spectra of the yellow and
red phosphors; emission spectrum of the ‘‘blue’’ LED excitation light
source.

scattered by the phosphor particles. Figure 1 illustrates three
phosphor conﬁgurations: Y-R (yellow ﬁrst, red second); R-Y
(red ﬁrst, yellow second); and YR-mixture (yellow and red
randomly mixed into a single layer). Figure 2 illustrates the
excitation and emission spectra of these two phosphors. The
spectral power distributions (SPD) of the three SPE LED
packages were measured using an integrating sphere with a
spectroradiometer. In all cases, the amount of phosphor was
kept the same, 10 mg for each lens. The amount of phosphor
determines both the total amount of downconverted light and
the ratio of forward to backward extracted light.14)
To compare results, in addition to the experiment, light
output and chromaticity values were calculated based on the
theory proposed by Fran et al.,15) and optical ray-tracing
analyses were conducted using LightToolsÔ software and a
method similar to that used in an earlier study.16)
The transmitted, Tr, and reﬂected, Re, radiant power
from a single yellow phosphor layer, incident with a blue
excitation light source, can be written as shown in Fig. 3,15)
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Fig. 3. (Color online) Transmitted and reflected radiant power passing
through a single phosphor layer and multiple phosphor (yellow and red)
layers.

where I0 is the incident blue radiant power,  and  are
phosphor absorption and scattering coeﬃcients, respectively,
k is the phosphor conversion eﬃciency, and  is the Fresnel
reﬂection coeﬃcient. Y or R and kY or kR denote either a
yellow (‘‘Y’’) or red (‘‘R’’) phosphor absorption coeﬃcient
and conversion eﬃciency when excited by ‘‘blue’’ photons,
while Y or R is the scattering coeﬃcient. Light transmitted
and reﬂected from a single phosphor layer will include blue
(‘‘B’’) and yellow (‘‘Y’’) radiant power as shown in Fig. 3,
where the coeﬃcients a through d represent the amount of B
or Y radiant power. For multiple phosphor layers (yellow
and red), converted yellow radiant power from the ﬁrst layer
is divided into Y1 and Y2, where Y1 can be absorbed by the
red phosphor because it lies within the absorption (excitation) spectral range of red phosphor, while Y2 cannot be
absorbed by the red phosphor because it lies outside this
range (Fig. 2). The ratio of Y1 to Y is denoted as u. The
parentheses in the subscript (i.e., R(Y1) and kR(Y1) ) denote
the red phosphor absorption coeﬃcient and conversion
eﬃciency when excited by Y1 photons (Fig. 2). For blue
radiant power incident on multiple phosphor layers, reﬂected
and transmitted light will include some portion of the blue,
red, and yellow (Y1 and Y2) radiations. These radiant
powers can be written as shown in Fig. 3, where the
coeﬃcients e to l represent the amount of radiant power in
each component of the spectrum (deﬁned in Fig. 2).
The total radiant power, including transmitted and
reﬂected, can be written in the spectral form as
SðÞ ¼ ðe þ iÞBðÞ þ ð f þ jÞY1 ðÞ
þ ðg þ kÞY2 ðÞ þ ðh þ lÞRðÞ:

ð1Þ

From eq. (1), the luminous ﬂux (lumen) can be calculated
from17)
X
SðÞV ðÞ:
 ¼ Km
ð2Þ
where Km is a constant, V is the relative photopic luminous
eﬃciency function, and  is the wavelength interval.17)
The CIE 1931 chromaticity coordinates, x, y, and z, can
be calculated using the three imaginary primary colors,

Fig. 4. (Color online) Chromaticity results on CIE 1976 UCS diagram
for phosphor configurations of Y10-R10, R10-Y10, and Y10-R10 mixture
from experiment, optical ray-tracing (simulation), and theory calculation,
along with Y35-R6 and R6-Y35 from optical ray-tracing.

Table I. Light output results in radiant energy and luminous flux for
three phosphor configurations from experiment, optical ray-tracing
(simulation), and theory calculation.

Phosphor

Experiment

Simulation

Theory

P (W)

 (lm)

P (W)

 (lm)

P (W)

 (lm)

Y10-R10

0.102

27.8

0.099

26.6

0.108

29.6

R10-Y10
R10-Y10 mix

0.089
0.088

17.5
18.5

0.082
0.088

15.7
18.6

0.092
—

17.4
—

P
P
given
P by X ¼ h SðÞxðÞ; Y ¼ h SðÞyðÞ; Z ¼
h SðÞzðÞ; where h is an arbitrary constant, and xðÞ,
yðÞ, and zðÞ are the spectral tristimulus values from the
appropriate color matching function.17) Finally, the ðx; yÞ
chromaticity coordinates can be converted to CIE 1976
ðu0 ; v0 Þ chromaticity coordinates using the following relationships:17)
u0 ¼

4x
;
2x þ 12y þ 3

v0 ¼

9y
:
2x þ 12y þ 3

ð3Þ

Figure 4 plots the chromaticity values ðu0 ; v0 Þ of the output
light on the CIE 1976 chromaticity diagram for the three
phosphor conﬁgurations. The results from experiment, theory-based calculation, and optical ray-tracing (simulation)
agree well. The chromaticity values are quite diﬀerent for the
three phosphor conﬁgurations, even though the amount of
yellow and red phosphors is the same in all cases. Table I
shows the radiant power and luminous ﬂux. Here again the
results from experiment, calculation, and simulation agree
well. The Y10-R10 package, where the longer-wavelength red
phosphor is the second layer, yielded the highest light output
among all three conﬁgurations: 15% more in radiant power
and 59% more in luminous ﬂux than the R10-Y10 package.
This result is opposite of that found in a past study11) for
an LED package with the phosphor layer in contact with the
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Table II. Optical ray-tracing (simulation) results of light output, in
radiant watts and lumens, for three phosphor configurations with similar
and dissimilar external quantum efficiencies.

Simulation
Phosphor

Simulation

QEðYÞ ¼ 0:91 QEðRÞ ¼ 0:59 QEðYÞ ¼ 0:91 QEðRÞ ¼ 0:91
P (W)

 (lm)

P (W)

 (lm)

Y10-R10

0.099

26.6

0.108

28.8

R10-Y10

0.082

15.7

0.105

21.3

R10-Y10 mix

0.088

18.6

0.105

22.7

chip, where a longer-wavelength red phosphor was used as
the ﬁrst layer and a shorter-wavelength blue phosphor was
used as the second layer (R-B), yielding 21% more radiant
power than the opposite phosphor conﬁguration (B-R).11)
The light output and the color properties depend on the SPD,
which in this case depends on the composition of the relative
radiant power of the phosphor-converted photons and the
remaining pump (‘‘blue’’) photons. The likely reason for
the diﬀerence in results is that in a conventional LED
package where the phosphor is in contact with the chip, a
signiﬁcant portion of the converted photons from the ﬁrst
layer that are emitted backward are absorbed by the chip.
However, in the SPE package, these backward-emitted
photons are extracted out of the LED package, contributing
to the total light output. In both types of package, the
forward-emitted converted photons from the ﬁrst layer
will enter the second phosphor layer and undergo scattering losses and absorption–emission if the energy falls
within the excitation energy range of the second phosphor.
However, the SPE package contributes a greater proportion
of photons from the ﬁrst phosphor layer to the total light
output, and therefore the ﬁrst phosphor layer becomes the
dominant layer. The red phosphor used in this study had
lower external quantum eﬃciency (59%) than the yellow
phosphor (91%). This could possibly explain the lower
radiant power output of the SPE package with the R10-Y10
conﬁguration.
Because the optical ray-tracing results matched well with
the experiment, subsequent studies included only raytracing. A second study investigated the eﬀect of each
phosphor’s external quantum eﬃciency on the results. Here
the yellow and red phosphors were assumed to have equal
external quantum eﬃciencies. The results showed that the
radiant power output is very close for all three conﬁgurations, while the luminous ﬂux is diﬀerent (Table II). This
diﬀerence is a result of the diﬀerent SPDs of light from the
diﬀerent phosphor conﬁgurations (Fig. 5). Diﬀerent SPDs,
when weighted by the luminous eﬃciency function, VðÞ,
will yield diﬀerent lumen values (Table II).
Because many applications require white light with
chromaticity values on or very close to the blackbody locus,
a third study was carried out with diﬀerent amounts of
yellow (35 mg) and red (6 mg) phosphor to achieve ideal
chromaticity values. Comparing Y35-R6 with R6-Y35, the
results showed Y35-R6 was on the blackbody locus and had
26% more radiant watts and 80% more lumens than R6-Y35,

Fig. 5. V ð Þ and SPDs of the three phosphor configurations with
dissimilar external quantum efficiencies (from simulation).

which had chromaticity values far below the blackbody
locus (Fig. 4).
In conclusion, when using two types of phosphor in an
SPE LED package, several factors will inﬂuence the ﬁnal
performance, including: mixture or stacked layers; speciﬁc
order of the layers; densities of the phosphor medium;
external quantum eﬃciencies of the diﬀerent phosphors;
overall SPD; phosphor excitation and emission spectra and
eﬃciencies.
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