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1. Introduction

White Light-emitting diode (LED) is widely used
mainly in a backlight unit for liquid crystal display
(LCD). Nowadays, we can see many kinds of white
LED lamps in our daily life such as flashlights, desk
lamps, decorative illuminations and so on. White LED
lamps are also expected to take the place of conven-
tional incandescent and fluorescent lamps for general
lighting applications in the near future, because they
have features such as small size, long lifetime and are
mercury-free. However, some characteristics of exist-
ing white LED lamps are not sufficient for general
lighting applications. The first point desired for
improvement is their luminous efficacy. This has
already exceeded that of conventional incandescent
lamps, but is still inferior to that of fluorescent lamps.
The second point is their color-rendering index
(CRI). CRI is the estimation of color appearance of
objects illuminated by a light source. If the color
appearance of objects illuminated by the light source
is close to that illuminated by a natural light source,
the value of CRI is high. This is evaluated on a 100-
point scale and it decreases as the color discrepancy
becomes greater. Since color appearance is important
especially for interior lighting, high-color quality
lamps with higher general CRI (Ra 1): the average of
the special CRI R1-R8 1)) are recommended for light-
ing of various indoor work places in recent years 2).

For general illumination, there are various
demands corresponding to installation location and
application. Various white color lamps from cool-
white to warm-white are required according to instal-

lation location and application. Furthermore, it is
impossible to maximize both their luminous efficacy
and CRI concurrently hence we need to consider a
balance between them on demand. We have realized
two types of white LED lamps that satisfy each
demand using novel oxynitride/nitride phosphors.
One is the high-efficacy-type warm-white LED lamp
and the other is high-color-rendering-type white LED
lamp from cool-white to warm-white. In this paper,
newly developed oxynitride/nitride phosphors for
white LED lamps are introduced and excellent optical
properties of the white LED lamps using the phos-
phors are also reported.

2. Principle of a white LED

There are several methods of generating white
light from LED semiconductor dice, but the most
prevalent method is to mix light from a blue LED die
with light from a phosphor that can be excited by
blue light. The schematic of this type is shown in Fig.
1. It shows the surface mount device (SMD) type
white LED. A blue LED die is fixed on the lead wire
in an SMD package by die-bonding technique and
connected to the other lead wire by wire-bonding
technique. The phosphor powder is dispersed in a
transparent resin and a blue LED die is coated with
the resin. At present, the most popular phosphor for
white LED lamps is (Y,Gd)3(Al,Ga)5O12:Ce
(YAG:Ce)3), which exhibits yellow emission under
blue excitation. Yellow light is the complementary
color of blue light, therefore, the combination of a
blue LED die and YAG:Ce phosphor can produce
white light.

However, the white LED using YAG:Ce has two
problems. The first problem is that warm-white light,
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which is sometimes required for general illumination,
cannot be realized by only YAG:Ce phosphor and a
blue LED die. As a solution to this problem, the
method of blending a red phosphor has been pro-
posed. But the emission efficacy of LED lamps using
blended phosphor tends to decrease. The second
problem is that its CRI value is not sufficient. In gen-
eral, the CRI value of bi-chromatic white light, which
consists of only blue light and yellow light, tends to
be low because of the shortage of red light and green
light. It needs to be improved for general lighting
applications.

3. Oxynitride and nitride phosphors

To solve these problems, we developed white LED
lamps with newly developed oxynitride and nitride
phosphors. Oxynitride and nitride phosphors have
very short history due to difficulties in their synthe-
sis. However, they have attracted a lot of attention in
the phosphor research field in recent years since
their reliability and high temperature stability are bet-
ter than those of conventional phosphors such as sul-
fide phosphors and oxide phosphors. Among the new
oxynitride/nitride phosphors, β-SiAlON:Eu green
phosphor 4), Ca-α-SiAlON:Eu yellow phosphor 5), and
CaAlSiN3:Eu red phosphor 6) are extremely suitable

for white LED lamp application, because they have
wide excitation bands from UV to blue or green visi-
ble region and their emission intensities are very
high.

The emission spectra of these three phosphors
measured by a fluorescence spectrophotometer (F-
4500, Hitachi Ltd.) are shown in Fig. 2. The excitation
wavelength is 450 nm. The emission spectrum of
commercially available YAG:Ce phosphor is also
shown for comparison. The excitation wavelength is
460 nm. Each emission spectrum of these three phos-
phors has one broad peak and their peak intensities
are superior to a conventional phosphor. In particular,
Ca-α-SiAlON:Eu yellow phosphor is an optimum
phosphor for warm-white light applications, because
its emission wavelength is a little longer than that of
YAG:Ce 7) 8).

4. Chromaticity of the LED lamps

4.1. Color control of LED lamps

We fabricated LED lamps consisting of a blue LED
die and various amounts of Ca-α-SiAlON:Eu yellow
phosphor. Figure 3 shows the chromaticity coordi-
nates on CIE1931 9) diagram of the fabricated LED
lamp and the blue LED die and Ca-α-SiAlON:Eu
phosphor used. The chromaticity coordinates of the
LED lamp vary between the blue LED chromaticity
and the Ca-α-SiAlON:Eu phosphor chromaticity. The
rate at which blue light is converted by the phosphor,
is controlled by adjusting the amount of phosphor-dis-
persed resin, thereby obtaining the desired color.

4.2. Color of the LED lamps

The chromaticity coordinates of these three oxyni-
tride/nitride phosphors and a blue LED die are
shown in Fig. 4. The LED lamps, whose coordinates
are in the quadrilateral color space connecting the
four chromaticity coordinates on CIE1931 diagram,
can be realized. The five quadrangles shown in Fig. 4
are the white color ranges of each classification,
which are defined in Japanese Industrial Standard
(JIS)Z 9112 10), and are class D, class N, class W, class
WW, and class L, from left to right, respectively. We
can control the chromaticity coordinates by changing
the mixing ratio of the phosphors and selecting the
optimum amount of the phosphor.

5. Characteristics of the LED lamps

5.1. High-efficacy-type warm-white LED lamps

We fabricated high-efficacy-type warm-white LED
lamps by combination of Ca-α-SiAlON:Eu yellow
phosphor and a blue LED die. This combination is
the best solution from the viewpoint of luminous effi-
cacy. The emission spectrum and optical properties
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Fig. 1.  Schematic of a general white LED.
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Fig. 2.  Emission spectra of three oxynitride/nitride phosphors. 
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of the LED are shown in Fig. 5 and Table 1, respec-
tively. 

The luminous efficacy, the value of total luminous
flux divided by supplied electrical power, is very high,
being 55.3 lm/W under a  forward-bias current of 20
mA. This value is three times higher than that of the
conventional incandescent lamps. The chromaticity
coordinates (x,y) on CIE1931 diagram are (0.441,
0.415) and the correlated color temperature (CCT) is
3,010 K. This chromaticity is just inside the range of
class L, which cannot be realized by YAG:Ce alone.
Its Ra value is 55, which is slightly less than tradition-
al fluorescent lamps of Ra 60, but is enough for appli-
cations such as footlight lamps, bedroom illumina-
tions and so on.

5.2. High-color-rendering-type white LED lamps

We fabricated high-color-rendering-type white LED
lamps by a combination of β-SiAlON:Eu green phos-
phor, Ca-α-SiAlON:Eu yellow phosphor, CaAlSiN3:Eu
red phosphor, and a blue LED die. The chromaticity
coordinates and the CCTs of the white LED lamps
are shown in Fig. 6. Their CCTs were controlled by
changing the mixing ratio of the phosphors and their
chromaticity coordinates were adjusted to the black-
body locus by selecting the optimum amount of the
phosphor mixture to coat the blue LED die. We real-
ized five white LED lamps of class D, class N, class
W, class WW and class L, respectively. The photo-
graph of the LED module that arrayed these nine
SMD-type LED lamps is shown in Fig. 7. The five
white LED lamps with various CCTs from cool-white
to warm-white are realized.

The emission spectra of the three white LED lamps
of class D, class W, and class L are shown in Fig. 8.
We can confirm that the proportion of amount of each
phosphor varies with the CCT. Optical properties of
the five white LED lamps are shown in Table 2. The
Ra values of all white LED lamps are achieved being
higher than 80. Their special CRI R9 values, which
correspond to strong red, are significantly high. The
CRI R9 values of conventional white LED lamps such
as YAG:Ce type white LED were not good enough.
Furthermore, their special CRI R15 8) values corre-
sponding to the color of the skin on the face of
Japanese women are also very high. R15 is especially
important for interior lighting. On the other hand, the
luminous efficacy is also of a high value of 25-32
lm/W under a forward-bias current of 20 mA. This
value is about twice as high as that of the convention-
al incandescent lamps.
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Table 1. Properties of a high-efficacy-type 
warm-white LED lamp.

Luminous efficacy (lm/W) 55.3

Ra 55

CCT (K) 3,010

Chromaticity CIE x 0.441
coordinate CIE y 0.415
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Fig. 3.  Chromaticity coordinates of LED lamps applied 
the various amount of phosphor on CIE1931 diagram.
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Fig. 5.  Emission spectrum of a high-efficacy type 
warm-white LED lamp.
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6. Conclusion

High-efficacy-type warm-white LED lamps have
been realized using Ca-α-SiAlON:Eu yellow oxyni-
tride phosphor. The luminous efficacy and the CCT
were 55.3 lm/W and 3,010K, respectively. This value
of 55.3 lm/W is three times higher than that of the
conventional incandescent lamps. On the other hand,
high-color-rendering-type white LED lamps with vari-
ous CCTs have been also realized using three oxyni-
tride/nitride phosphors; β-SiAlON:Eu green phos-
phor, Ca-α -SiAlON:Eu yellow phosphor and
CaAlSiN3:Eu red phosphor. The Ra values are higher
than 80 for all white color classifications.
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Fig. 6.  Chromaticity coordinates and CCTs of 
high-color-rendering-type white LED lamps.
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Fig. 8.  Emission spectra of high-color-rendering-type 
white LED lamps.

Fig.7.  High-color-rendering-type white-LED lamps.

D N W WW L Table 2. Properties of high-color-rendering-type 
white LED lamps.

Class D N W WW L

Ra 82 83 83 85 88

CRI R9 97 97 88 96 97

R15 98 99 95 99 98

Luminous efficacy
32 32 27 29 25

(lm/W)

CCT (K) 6,510 5,030 4,170 3,460 2,840

Chromaticity CIE x 0.313 0.344 0.373 0.410 0.449
coordinate CIE y 0.323 0.351 0.373 0.397 0.408


