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Abstract

We successfully prepared b-SiAlON:Eu2+ phosphors with composition of EuxSi6�zAlzOyN8�y (y = z � 2x, x = 0.018, z = 0.23) by gas-

pressured synthesis for application to LED. The crystal phase, microstructure, PL emission and thermal quenching properties were investigated in

detail. The b-SiAlON:Eu2+ phosphors absorbed broad UV–vis spectral region, and showed a single intense broadband emission near 538 nm. The

Stokes shift and zero-phonon line were calculated mathematically, and also estimated from the spectral data. The b-SiAlON:Eu2+ green phosphor

showed superior thermal quenching properties compared to commercial silicate (SrBaSiO4:Eu2+) green phosphor. The white light-emitting diode

(LED) using the prepared b-SiAlON:Eu2+ green phosphor exhibited high color gamut, and good optical stability in high working temperature.
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1. Introduction

Recently, rare-earth-doped oxynitride or nitride compounds

have been reported to show photoluminescence properties and

may then serve as new phosphors because of their good thermal

and chemical stabilities [1–3]. Their luminescence properties

are attributed to the strong nephelauxetic effect and large

crystal field splitting effect [4]. Hirosaki et al. have developed a

yellow oxynitride phosphor based on Eu2+-doped Ca-a-

SiAlON, and reported white LED devices using the yellow

phosphor with a blue LED chip [5]. However, the white LEDs

using the yellow phosphor presented relatively low color-

rendering properties due to lack of enough green and red colors.

Moreover, to improve the color reproducibility of back-lighting

units (BLUs), appropriate green and red phosphors should be

incorporated simultaneously. Therefore, it is necessary to

develop highly luminescent green/red nitride/oxynitride phos-

phors using a simple solid-state synthetic method.

b-SiAlON has a hexagonal crystal structure (P63 or P63/m

space group), which is derived from b-Si3N4 structure by

equivalent substitution of Al–O for Si–N, and its chemical

composition can be written as Si6�zAlzOzN8�z (z represents the
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number of Al–O pairs substituting for Si–N pairs and

0 < z � 4.2) [6]. In a viewpoint of application to LEDs,

phosphor materials must exhibit high phase purity, uniform

crystal size distribution, high optical efficiency, high color

stability and low thermal quenching property. In this work,

Eu2+-activated b-SiAlON phosphor with composition of

EuxSi6�zAlzOyN8�y (y = z � 2x, x = 0.018, z = 0.23 [7]) were

successfully prepared via a simple solid-state synthetic route

and its optical characteristics were analyzed in detail. More-

over, using a prepared b-SiAlON:Eu2+ green phosphor and a

commercial CaAlSiN3:Eu2+ red phosphor, we fabricated white

LEDs for back-lighting unit (BLU), and their emission spectra

were analyzed with working temperatures.

2. Experimental procedures

The b-SiAlON:Eu2+ green phosphor with composition of

EuxSi6�zAlzOyN8�y (y = z � 2x, x = 0.018, z = 0.23) was

synthesized from a-Si3N4 (Ube Industries, Japan), AlN

(Tokuyama, Japan) and Eu2O3 (Shin-Etsu, Japan) powders

[8]. The Eu2+ (x value) and Al3+ doping concentrations (z value)

were fixed at 0.018 and 0.23, respectively. The raw powder

mixtures were prepared using a Si3N4 ball milling in n-hexane.

After drying in vacuum oven, the powder mixture was

granulated using a test sieve, and then loaded into a BN
d.
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Fig. 1. (a) X-ray diffraction patterns of EuxSi6�zAlzOyN8�y (y = z � 2x,

x = 0.018, z = 0.23) prepared at 2000 8C for 5 h and schematic projection [9]

of supercell in b-SiAlON structure onto the (0 0 1) plane. (b) Typical SEM

figures for the Eu2+-doped b-SiAlON green phosphor with magnifying power of

3000 and 1000 in inset of (b).
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crucible. Calcination was carried out at 2000 8C for 5 h in

0.90 MPa of N2 atmosphere using GPS (gas pressured

sintering) furnace. After heating, the power was shut off and

the samples were cooled down in the GPS furnace. The

crystalline phase of the synthesized powders were identified by

X-ray powder diffraction (XRD), operating at 40 kV using Cu

Ka radiation (l = 1.5406 Å). The data were collected in the

continuous scan mode at the speed of 38 at 2u/min with step size

of 0.028 from 108 to 808. The powder morphology and

microstructure were investigated by scanning electron micro-

scopy (SEM). The photoluminescence (PL) properties of the

prepared phosphor samples were measured using a spectro-

fluorometer in a temperature range from 25 to 250 8C with a

450 W xenon lamp as an excitation source. The excitation

wavelength used for measuring PL emission was 450 nm, and

the excitation spectra were measured at emission maxima. To

fabricate white LEDs, the prepared b-SiAlON:Eu2+ green

phosphor and a commercial CaAlSiN3:Eu2+ red phosphor were

mixed and then the mixed powder was blended with epoxy in

order to be pre-coated on the LED chip. The emission spectra of

the white LEDs were measured by the spectral/goniometric

analyzer in a working temperature range from 25 to 150 8C.

3. Results and discussion

3.1. Synthesis and optical properties

Fig. 1(a) shows XRD pattern of the synthesized Eu2+-doped

b-SiAlON green phosphor powder with the composition of

EuxSi6�zAlzOyN8�y (y = z � 2x, x = 0.018, z = 0.23). The

synthesized phosphor sample consists of a single b-SiAlON

crystalline phase (JSPDS card No. 48-1615) without secondary

SiAlON polytypoid phases (27R, 21R or 12H). It is well known

that b-SiAlON comprises a three-dimensional network

structure [9] of corner sharing (Si, Al)(O, N)4 tetrahedra with

continuous channels along [0 0 1] direction as represented in

inset of Fig. 1(a). Typical SEM images of the synthesized Eu2+-

doped b-SiAlON green phosphor powder are presented with

magnifying power of 3000 in Fig. 1(b) and 1000 in inset of (b).

As shown, the Eu2+-doped b-SiAlON powder had an elongated

rod-like shape with a uniform size of 20–50 mm in length and

3–5 mm in diameter. From a viewpoint of practical application

to LEDs, the prepared Eu2+-doped b-SiAlON phosphor powder

is enough to be applicable, because it has high phase purity, fine

particle size and high uniformity without any irregular

agglomerates as confirmed in XRD and SEM data.

Fig. 2(a) represents the excitation and emission spectra of

the synthesized Eu2+-doped b-SiAlON green phosphor

measured at room temperature. The excitation spectrum

monitored at the peak of emission spectrum covers a broad

range from 350 to 500 nm. Two peaks near 360 and 405 nm are

observed, which are assigned to 4f7! 4f65d1 absorption of the

Eu2+ cations. The emission spectrum of the prepared b-

SiAlON:Eu2+ phosphor excited at 450 nm, exhibits single

broad band at 538 nm. The broad band is due to the allowed

4f65d1! 4f7 transition of Eu2+ [10]. No special emission peaks

of Eu3+ (sharp lines between 580 and 650 nm) were observed in
the spectrum, suggesting that Eu3+ was reduced to Eu2+ in the

reducing nitrogen atmosphere [11]. The full width of half

maximum (FWHM) value is about 50 nm, which is smaller than

that of commercial green SrBaSiO4:Eu2+ (�65 nm) phosphor

[12]. It is clearly confirmed that of Eu2+-doped b-SiAlON

phosphor can also be excited efficiently in a near-UV or blue-

light region (350–460 nm). These results indicate that the

prepared Eu2+-doped b-SiAlON is promising down-conversion

green phosphor material for solid-state lighting utilizing

InGaN-based near-UV or blue chip LEDs.

The Stokes-shift of the prepared Eu2+-doped b-SiAlON

green phosphor with a composition of EuxSi6�zAlzOyN8�y

(y = z � 2x, x = 0.018, z = 0.23) was calculated mathematically

and estimated from the PL spectral data. The classical

description cannot satisfactorily explain emission spectral

shapes and non-radiative transition probabilities. The single

configuration coordinate model [13] based on quantum
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Fig. 2. (a) The room temperature excitation and emission spectra of the

prepared Eu2+-doped b-SiAlON green phosphor. (b) Experimental (solid line)

and calculated (circles) emission spectrum at 25 8C under excitation at 450 nm.
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mechanics was used to fit the emission band of considered

phosphor. Because the 4f-shell is well shielded, the electron–

vibrational interaction within this shell is negligible so that the

intensities of the vibronic satellites corresponding to 4f–4f

transitions are small. On the contrary, 4f–5d transitions give rise

to the broad vibronic bands whose shape-function can be

described by the normalized Pekarian type spectral distribution

[14].

FðVÞ ¼ exp � a

2
coth

p�hv

2kT

� �� �X1
�1

exp
p�hv

2kT

� �
I p

� a

2 sinhð�hv=2kTÞ

� �
dðV � V0 � pvÞ (1)

In Eq. (1), Ip(x) is the modified Bessel function that represents a

series of the discrete lines, a is the so-called heat release

parameter (shift of the dimensionless vibrational coordinate after

photon absorption), d(V � V0 � pv) is the Dirac d-function that

describes an individual vibrational line of the dimensional

frequency p = (V � V0)/v, and V0 is the frequency of the

zero-phonon line, v is the frequency of the active vibrational

mode. If the dispersion zone of the lattice vibrations is taken into
account, the shape function is smoothed that is achieved by

replacing the d-function by the Gaussian or Lorentzian bands. In

the case of low temperature, Pekarian can be simplified. In this

case, sinh(9v/2kT) � (1/2) exp(9v/kT), exp(� a/2 coth 9v/

2kT) � exp (� a/2) and the modified Bessel function can be

represented as a series in terms of the argument a e�p9v/2kT:

I pða e�ð�hv=2kTÞÞ

� a

2

� � p 1

p!
þ a

2

� � pþ2 1

ð p þ 1Þ! e�ð�hv=kTÞ
� �

e�ð p�hv=2kTÞ (2)

In the decomposition (2) small terms ½a e�ð�hv=2kTÞ�4 (and high

order terms) are neglected that is justified when the temperature

is low enough (kT � 9v) and the vibronic coupling is not too

strong. Combining Eqs. (1) and (2) one can obtain the following

low temperature approximation for the band profile of the

vibronic band:

FðVÞ ¼ e�ða=2Þ
X1
p¼0

a

2

� � p 1

p!
þ
X1
p¼�1

a

2

� � pþ2 1

ð p þ 1Þ! e�ð�hv=kTÞ

" #

� dðV � V0 � pvÞ
(3)

This expression describes a discrete set of the vibronic lines

(each represented by a corresponding d-function) and therefore

reflects quantum properties of the vibrations. The dispersion of

the vibrations smoothes the discrete structure and one can omit

the d-functions and the required summations. Therefore inten-

sity of the band in Eq. (3) can be considered as a function of the

continuous parameter p:

Fð pÞ ¼ e�ða=2Þ a

2

� � p 1

p!
þ a

2

� � pþ2 1

ð p þ 1Þ! e�ð�hv=kTÞ
� �

(4)

or we can rewrite (4) as follows:

FðnÞ ¼ e�S � Sn

n!
1 þ S2 1

ðn þ 1Þ e
�ð�hv=kTÞ

� �
(5)

where S = a/2 is the Huang–Rhys–Pekar factor – the number of

emitted phonons accompanying the optical transition, n corre-

sponds to one of the vibration level in the ground electronic

state on which the vibronic transition is transferred from the

fundamental vibrational level of the emitting electronic state

(n = 0 is a zero-phonon line), v is the frequency of the active

vibrational mode, k the Boltzmann constant, and T is a given

temperature. A plot of F against n gives an absorption spectrum

consisting of many sharp lines. At temperature T = 0 K from

this equation we obtain a well known transition probability

given by a simple relation [13,14]:

FðnÞ ¼ e�S � Sn

n!
(6)

Usually, only the first term in Eq. (1) that is the Poisson type

distribution is taken into account in consideration of the band

shapes at low temperatures. From the physical point of view,

this means absorption (emission) originates from the funda-

mental vibronic level in the initial electron-vibrational state.
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Fig. 3. (a) Temperature-dependent PL emission spectra of the prepared Eu2+-

doped b-SiAlON in a temperature range from 25 to 250 8C. For comparison, PL

emission spectra of a commercial silicate green phosphor (SrBaSiO4:Eu2+)

measured in the same temperature range were shown in inset. (b) The

dependences of the PL intensity on the measuring temperatures are shown

schematically.

J.H. Chung, J.H. Ryu / Ceramics International 38 (2012) 4601–46064604
This approximation fails when the temperature is high enough,

for example, room temperature, when the most PL measure-

ments are carried out. Under this condition, the second term in

Eq. (1) corresponding to the emission (absorption) from both

ground and first excited levels is important and plays an

important role. The application of Eq. (1) instead of Eq. (2)

gives us more correct and more precise fitting of experimental

results.

The temperature variation of the FWHM (full width of half

maximum) can be described using the configuration coordinate

model and the Boltzmann distribution according to the

following equation:

FWHM ðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
8 � ln 2
p

� �hv �
ffiffiffi
S
p
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
coth

�hv

2kT

r
(7)

where 9v is the mean phonon energy, S the Huang–Rhys–Pekar

parameter and k the Boltzmann constant. This equation can be

used only when the parabolas of the ground state and the

excited state have the same curvature. By combining Eq. (5)

with (7) we obtained the best fits of the emission bands for the

prepared EuxSi6�zAlzOyN8�y (y = z � 2x, x = 0.018, z = 0.23)

green phosphor powder with the Huang–Rhys–Pekar parameter

S = 10.15 and phonon energy 9v = 26.80 meV, which are

shown in Fig. 2(b).

In turn, the knowledge of Huang–Rhys–Pekar factor and

phonon energy allows us to determine the Stokes shift. By

supposing that the ground state parabola of the configuration

coordinate model presents the same curvature as the excited

state parabola, i.e. the phonon energy is the same for the 4f7(8S7/2)

ground state as for the 4f6(7F)5d excited state, we can

determinate the Stokes shift (DS). DS is related to the offset

of the parabolas in the configuration coordinate diagram and DS

is equal to:

DS ¼ ð2S � 1Þ � �hv (8)

We can apply this method to study synthesized Eu2+-doped b-

SiAlON green phosphor. For the synthesized green phosphor,

the Stokes shift calculated from Eqs. (1), (3) and (4) is

4250 cm�1. These data were compared with experimentally

excitation and emission spectra. The main problem at room or

higher temperatures is to determine correctly the labs, because

usually this wavelength is not resolved at room or higher

temperatures. An almost mirror–image relationship seems to

hold between the emission and the excitation spectra in the

energy region between the two maxima, as shown in Fig. 2(a).

This relation is characteristic of a phonon-broadened emission

and confirms the hypothesis that the mean phonon energy 9v is

the same for the 4f7(8S7/2) ground state as for the 4f6(7F)5d

excited state. We can determine the energy of the zero-phonon

line E0 at the intersection of the emission and excitation spectra.

From Fig. 4(b), we found E0 = 492 nm and Stokes shift

DS = lem � labs = 4310 cm�1. As one can ascertain from this

result, the mathematical calculation (4250 cm�1) with consid-

eration of the temperature dependence, is in good agreement

with this experimental PL result.
3.2. Thermal quenching properties

The thermal quenching property is one of the most important

parameters for applying phosphor to LEDs. For the application

of white LEDs, phosphors with low thermal quenching have big

advantage because most of the energy loss of LED is dissipated

to heat, which induce the junction temperature of LED to

increase up to 150 8C. Thus, small thermal quenching of

phosphors is necessary for the stable optical properties and

better lifetimes of LEDs [15]. The temperature-dependent PL

properties of the prepared Eu2+-doped b-SiAlON green

phosphor was investigated in a temperature range from 25 to

250 8C, and the results are shown in Fig. 3(a). For comparing,

commercial silicate green phosphor (SrBaSiO4:Eu2+) was

measured in the same temperature region and the result is

represented in inset of Fig. 3(a). Fig. 3(b) displays gradual

changes of the normalized PL emission intensities for Eu2+-

doped b-SiAlON and silicate phosphor schematically. When

the temperature was raised, the prepared Eu2+-doped b-SiAlON
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green phosphor showed less decrease in emission intensity,

which indicates a high thermal stability. This is a very important

characteristic in white LEDs for achieving high optical stability

at high temperatures. At 150 8C, the PL emission intensity of

Eu2+-doped b-SiAlON green phosphor was about 88% of room

temperature, while the green SrBaSiO4:Eu2+ phosphor showed

65%. When the measured temperature is higher than 200 8C, the

PL emission intensity of the silicate green phosphor (SrBa-

SiO4:Eu2+) was less than half of the Eu2+-doped b-SiAlON green

phosphor. Therefore, the thermal quenching results confirm that

Eu2+-doped b-SiAlON is promising green phosphor for LEDs in

illumination, automobile and LCD TV applications.

3.3. LED application properties

Fig. 4 shows the emission spectra of white LEDs and the

simulated spectra using LCD color filter for two types of the LED

BLU with silicate (SrBaSiO4:Eu2+) (a) and b-SiAlON:Eu2+ (b)

as a green phosphor, respectively. The CaAlSiN3:Eu2+ phosphor

was used for a red phosphor in both cases. The RGB (red, green

and blue) color coordinates (1976 CIE system) of the LED BLUs

are shown for (c) commercial silicate and (d) b-SiAlON:Eu2+,

respectively. Obviously, the color purity of the green emission of

LED BLU using b-SiAlON:Eu2+ is higher than that of LED BLU
Fig. 4. White emission spectra and simulated results using commercial silicate green

gamut values for the LED BLUs using two green phosphors are represented in (c) a

legend, the reader is referred to the web version of this article.)
with green silicate phosphor. The color gamut of BLU using b-

SiAlON:Eu2+ was 102% of NTSC, which is 6% higher than that

of BLU using silicate phosphor. As shown in emission spectra of

Fig. 4(a) and (b), the separation of blue and green spectrum is

more clear in case of b-SiAlON:Eu2 because it has narrower

FWHM of emission spectrum (�50 nm) than silicate green

phosphor (�64 nm). This accounts for the higher color gamut of

the LED BLU using b-SiAlON:Eu2+ green phosphor.

The stabilities of optical power and chromaticity with working

temperatures must be taken into account when BLU is designed

for LCD monitors or TVs, because the thermal dissipation from

active layer of LED chip under high current density can cause

thermal quenching of phosphor, following by changes of optical

power and chromaticity. Fig. 5 shows the variation of the

normalized optical power of white LEDs using (a) silicate and (b)

b-SiAlON:Eu2+ with respect to the working temperatures,

respectively. In case of white LED with silicate green phosphor,

considerable power-drops were measured from 75 8C, which

gave rise to the gradual decrease in color indices as shown in

Fig. 5(c). On the contrary, there was not a noticeable power-drop

nor change of chromaticity in the case using b-SiAlON:Eu2+

green phosphor even at 150 8C. From these results, it can be

expected that LED BLUs using b-SiAlON:Eu2+ as green

phosphor could have much smaller drift of color coordinate
 phosphor (SrBaSiO4:Eu2+) and b-SiAlON:Eu2+ are shown in (a) and (b). Color

nd (d), respectively. (For interpretation of the references to color in this figure
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and brightness-drop. These results can be attributed to the low

thermal quenching property of the b-SiAlON:Eu2+ compared to

silicate phosphor as proved in Fig. 3.

4. Conclusion

In this work, green emitting Eu2+-doped b-SiAlON

phosphor powder with a composition of EuxSi6�zAlzOyN8�y
(y = z � 2x, x = 0.018, z = 0.23) was successfully synthesized

by gas pressured solid-state reaction for application to white

LED. The prepared Eu2+-doped b-SiAlON phosphor exhibited

single emission band peaking at 538 nm excited at 450 nm.

Using the electron-vibrational interaction of 4f-5d optical

transitions in b-SiAlON:Eu2+ phosphor, as well as the

temperature influence on the fitting of experimental emission

spectra, the Stokes shift was calculated and the good agreement

of the theory and experiment were realized. The thermal

quenching properties of the prepared Eu2+-doped b-SiAlON

phosphor was superior to the silicate green phosphor, which

means Eu2+-doped b-SiAlON phosphor is promising for high-

power LEDs. The white LED using the prepared b-

SiAlON:Eu2+ green phosphor exhibited better stability in

optical power and chromaticity compared to the silicate green

phosphor in high working temperature. Moreover, the white

LED using the prepared b-SiAlON:Eu2+ showed 102% of

NTSC value in 1976 CIE color coordinate, which is 6% higher

than the case using commercial silicate phosphor.
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