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Gd,4Si,OzN,, a new oxynitride, has been prepared and the
luminescent properties of the Ce3*, Tb3* or Dy** doped prod-
uct have been studied. XRD results indicate that Gd,Si,O;N,
is isostructural with Tb,Si,N,O; and belongs to the mono-
clinic system. The SEM image shows that the synthesized
powder disperses well and the particle diameter is between
1.40-4.0 ym. Upon excitation at 350 nm, Gd,Si,O;N,:Ce3*
exhibits blue emission peaking at 445 nm, which may have
potential application as a blue phosphor in the field of solid

state lighting. The major mechanism for the concentration
quenching of the Ce3* emission in Gd,Si,O;N,:Ce®* is di-
pole-dipole interactions. The emission colour of
Gd,Si,0;N,:Tb3* can be tuned from blue to green by chang-
ing the Th3* concentration. The ratio of yellow to blue emis-
sion for Gd,Si,O;N,:Dy** grows higher with an increase in
the Dy3* concentration. Energy transfer from the Gd** ions to
Tb3* or Dy3* ions in the Gd,Si,O;N, host was also observed.

Introduction

Rare-earth ion doped phosphors have been playing im-
portant roles in modern lighting and display fields because
of their abundant emission colours based on 4f—4f or
5d—4f transitions.""?! The Ce3* ion has a 4f' electronic
ground state configuration and the luminescence of the
Ce3* ion originates from the transition from the lowest 5d
level to the ground states. Since the position of the lowest
5d level is strongly influenced by the local coordination, the
emission wavelength of Ce* varies with different host lat-
tices from UV to the visible range and the corresponding
emission colours can be tuned from blue to red.[*! Hence,
the Ce®* ion is an important activator used in the fields of
solid state lighting such as the commercial yellow phosphor
Y;Al50,,:Ce’*(YAG:Ce).™ Tb** has an 4f® electronic con-
figuration and shows a strong, well defined green emission
due to the °D,— ’F; transition and the Tb3* ion has been
successfully applied as an activator in many fields.> ! The
emission of Dy*" is mainly due to transitions of
*Fo,— ®H,s» in the blue region and *Fo,— ®H,5, in the
yellow-orange region. Moreover, Dy** will emit white light
at a suitable yellow-to-blue intensity ratio and can be used
as single-phased white emitting phosphor for UV-pumped
fluorescent lamps and white light-emitting diodes
(LEDs).l
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In recent years, white LEDs have attracted significant at-
tention because they are a new, ultra efficient, low power
and environment friendly lighting system.['!] They are sup-
posed to replace traditional incandescent and fluorescent
bulbs and are suitable for backlights for portable elec-
tronics, medical and automotive applications.'?! The main
method to produce white light in LEDs is the phosphor-
conversion method and the phosphor most commonly uti-
lised in white LEDs is the yellow-emitting (Y, ,Gd,);-
(Al_,Ga,)0,,:Ce**(YAG:Ce). Other types of phosphors
such as orthosilicates,l'?!4 aluminatest'” and sulfides!'®
have also been used in white LEDs.

Besides the traditionally used oxide phosphors, oxy-
nitride/nitride-based phosphors with excellent chemical and
thermal stabilities show outstanding luminescence proper-
ties such as good quantum efficiency, radiation stability and
excellent thermal quenching behaviour.'”! Compared with
oxygen, the luminescence of some rare earth ions coordi-
nated with nitrogen appears in the longer-wavelength region
owing to the red-shift of energy centre of gravity and the
higher formal charge of N* compared with O .!%19 So
a variety of oxynitride and nitride, especially silicon-based
nitrides with promising luminescent properties, have been
discovered recently. The structures of silicon-based oxy-
nitrides and nitrides are generally built up of networks of
crosslinking SiNy tetrahedra. This is anticipated to signifi-
cantly lower the excited state of the 5d electrons of the
doped rare-earth elements, due to large crystal-field split-
ting and a strong nephelauxetic effect. This enables the sili-
con-based oxynitride and nitride phosphors to have a broad
excitation band extending from the ultraviolet to the visible-
light range and thus strongly absorb blue-to-green light.
The structural versatility of oxynitride and nitride phos-
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phors makes it possible to attain all the emission colours of
blue, green, yellow and red therefore making them suitable
for use in LEDs. The reported oxynitride/nitride phosphors
can be divided into three groups: (I) Oxonitridosilicates.
The representative phosphors are MSi,O,N, (M = Ca, Sr,
Ba):Eu?* (green)?” and RE-Si-O-N:Ce**(RE =Y, La) (blue
to yellow).2!-221 (1) Nitrides. Prominent examples of such ad-
vanced phosphor materials are Sr,SisNg:Eu?* (red),?324
LaSi;Ns:Ce**  (blue)>! and CaAlSiN;:Ce**  (yellow-
orange).”®l (III) Oxonitridoaluminosilicates (so-called sia-
lons), obtained by partial substitution of Si by Al and subse-
quent substitution of N by O. The well-known ones are Ca-a-
Sialon:Eu** (Cag,y2, xEu,Sita ALy, 0,Ni6 )22 and B-
Sialon:Eu* (Sig_.ALLO.Ng ., 0 < z < 4.2)P1 which are good
yellow-orange and green phosphors. Although many oxyni-
tride phosphors have been reported in the literature, the
oxynitride Gd,Si,O;N, is still missing. Herein we report on
the synthesis and crystal structure of SisN,4 based oxynitride
Gd;Si,07N,. Furthermore, the luminescence properties of
the Ce**, Tb** and Dy** ions have been studied in the ob-
tained Gd,;Si,O,N, matrix.

Results and Discussion

Structure and Morphology of Gd;Si,O;N,

Figure 1 shows the X-ray diffraction patterns of the sam-
ples obtained at 1550 °C and the standard curve of
Tb,Si,0,N,. On the basis of the Joint Committee on Pow-
der Diffraction Standards (JCPDS) reference database, the
patterns could not be indexed exactly to gadolinium com-
pounds. It means that this gadolinium compound has not
been reported in the database of JCPDS. A careful analysis
found that all diffraction peaks for the sample can be read-
ily indexed to a monoclinic phase of Tb,;Si,O;N, except for
a spectral shift toward the smaller angle side, revealing that
the obtained precursor is isostructural with the TbsSi,O;N,
structure. It can be assumed that the obtained samples
should have a stoichiometric formula of Gd,;Si,O,N, which
is similar to Tb4S1,0,N,. The spectroscopic shift of the dif-
fraction peaks can be explained by the change of ionic radii.
When the Tb** (92.3 pm) ion is substituted by the larger
Gd3* (93.8 pm) the d-spacing increases and, thus, the dif-
fraction angles decreases accordingly due to Bragg’s equa-
tion, 2d sin@ = A, where d is the distance between two crys-
tal planes, @ is diffraction angle of an observed peak and 4
is the X-ray wavelength (0.15405 nm).*% The cell param-
eters were calculated by using the Fp-Studio software. The
results show that Gd;Si,O,N, belongs to the monoclinic
system, a = 10.7357, b = 10.6032, ¢ = 8.0818, V =
872.26 A3, Z = 4. As shown in the inset of Figure 1, the
synthesised powder consists of well-dispersed particles with
a mean diameter of 1.40-4.0 pm.

2328

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Tb,Si,0N,
i| JCPDS Card:34-1268

40 50 60

30
20 (%)

Figure 1. XRD pattern of the Gd,Si,O;N, sample. The standard
data for Tb,Si,O;N, are shown as references. The inset shows the
FESEM micrograph of the sample.

Optical Properties

Luminescence Properties of Gdy_,Ce, Si,O;N,

Figure 2 (a) shows the excitation and emission spectra
of the obtained Gd;¢3Ce( »S1,07N,. The excitation band
ranges from approximately 200 to 400 nm and shows a
strong intensity near 350 nm. This material therefore has a
potential application as a UV-excited blue phosphor. The
excitation band at 200-250 nm can be attributed to the
Gd4Si,07N, absorption. The sharp peak at 275 nm origi-
nates from the8S,,,— °I, transition of the Gd3* ions.[>!1 The
broad bands at 290 and 350 nm can be ascribed to the
4f—5d transition of the Ce** ions. Upon excitation at
350 nm, the Gds ¢3Ce »Si,07N, phosphor shows a strong
broad emission at 445 nm with a full-width half-maximum
(FWHM) of 83 nm which is attributed to the 4f5d'— 4f!
transition of the Ce** ions. The doublet bands due to the
transition of the Ce** ions from the 5d excited state to the
°Fs;» and 2F5;, ground states cannot be distinguished di-
rectly. However, the emission band can be resolved into two
well-separated Gaussian components with maxima at 22938
and 20855 cm™! on an energy scale with an energy differ-
ence of about 2083 cm™! (Figure 2, b), which is in agreement
with the theoretical difference between the >Fs;, and 2Fq,
levels (ca. 2000 cm™!). The dependence of the emission in-
tensity of Gd4 ,Ce,Si,O;N, on the Ce** concentration is
shown in Figure 3 (a). The emission intensity increases with
the Ce concentration increasing until a maximum intensity
is reached before decreasing due to the concentration
quenching. From Figure 3, Gd, .Ce,Si,O;N, phosphor
samples show maximum emission intensity when the
amount of Ce** is 0.4 mol.-%. The decay curves for the
Ce3* (445 nm) can be approximately fitted into a single ex-
ponential function as I = Iyexp(—t/7), in which 7 is the decay
lifetime (see Supporting Information, Figure S1). The life-
times of the Gd, .Ce,Si,O;N, samples were measured to
be 21.35, 21.11, 19.03, 18.68 and 18.35 ns with x = 0.004,
0.005, 0.007, 0.008 and 0.01, respectively. The shortening of
the lifetime with the increasing of the Ce3* concentration is
due to the concentration quenching.
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Figure2. (a) The excitation and emission spectra of
Gd,Si,0,N,:Ce?*. (b) The emission spectrum of Gd,Si>,O;N,:Ce3*
and the two Gaussian components on an energy scale.
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Figure 3. (a) The dependency of emission intensity with various
Ce* concentrations. (b) The curve of logl/yce+ vs. logyce in
Gd,4Si,07N,:Ce?* phosphor (e = 350 nm).

The critical quenching concentration of Ce (y.) is defined
as the concentration at which the emission intensity begins
to decrease and the critical distance is defined as the average
distance between the nearest Ce3* ions in which energy
transfer occurs. In many cases, concentration quenching is
due to the energy transfer from one activator to another
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until the energy sink in the lattice is reached.[*?! Blassel33]
has pointed out that the critical transfer distance (R,) can
be estimated from Equation (1).

3y 1/2
)
4FX(‘N (1)

In this equation ¥V is the volume of the unit cell, N is the
number of the host cations in the unit cell and y. is the
critical concentration of the Ce** ions. For the Gd,Si,O,N,
host, N is 16 and V is estimated to be 872.26 A3. The criti-
cal transfer distance of the Ce’* centres in
Gd,Si,0,N,:Ce3* is calculated to be 29.6 A. Nonradiative
energy transfer between different Ce3* ions may occur by
exchange interactions or multipole-multipole interactions.
The exchange interactions are generally responsible for the
energy transfer of forbidden transitions and the typical crit-
ical distance is about 5 A.[34! This indicates that the mecha-
nism of exchange interactions plays little role in the energy
transfer between Ce** ions in this phosphor. The fluores-
cence mechanism of the Ce3* ions in Gd4Si,O;N, phosphor
is the allowed 5d-4f electric-dipole transition so the process
of the energy transfer should be controlled by electric
multipole-multipole interactions according to Dexter’s
theory.[??] If the energy transfer occurs between the same
sorts of activators, the intensity of multipolar interactions
can be determined from the change of the emission inten-
sity from the emitting level which has the multipolar inter-
actions. The emission intensity (/) per activator ion follows
Equation (2).[33:36]

% = K[l-l—ﬂ().')g-‘] I (2)

In this equation y is the activator concentration, Q = 6, 8
or 10 for dipole—dipole, dipole-quadrupole or quadrupole—
quadrupole interaction, respectively, and K and f§ are con-
stants for the same excitation condition for a given host
crystal. Figure 3 (b) shows that the dependence of log-
(Ilyce+) on log(xces+) is linear and the slope is —1.70. The
value of Q can be calculated as 5.10, which is approximately
equal to 6. This indicates that the dipole—dipole interaction
is the major mechanism for concentration quenching of the
central Ce* emission in Gd,Si,O;N,:Ce’*.

Luminescence Properties of Gd4_,Tb,Si,O;N,

The excitation spectrum of Gd4Si,O;N,:Tb3* is shown
in Figure 4(a). It exhibits an intense band at 265 nm which
is due to the host absorption and the transitions from the
ground state ("Fg) of the Tb>* 4% configuration to the dif-
ferent excited states of the 4f75d configuration. The sharp
peaks at 275 and 313 nm derive from the ®S;,—°I; and
8S,/,— °P; transitions of the Gd>* ions, revealing that an
energy transfer from Gd3* to Tb** ions occurs. The forbid-
den f-f excited transitions of the Tb** ions can not be ob-
served and this is clearly due to their weak intensity com-
2329
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pared to that of the allowed 4f®—4f75d transition. A similar
broadband in the UV part of the spectrum has also been
observed for Tb3* in other systems.'>3”) The position of
the excitation band is at a relatively low energy which is
similar to that of the Tb*" ions in the nitrogen-rich environ-
ment.['! The position of the excitation band matches very
well with the 254 nm radiation which may apply in the field
of mercury discharge lighting. The emission spectra of
Gd, . Tb,Si,O;N, samples, obtained by excitation at
254 nm, are shown in Figure 4 (b). It is obvious that the
spectroscopic energy distribution of the Tb3* emission de-
pends strongly on the Tb3" concentration. The emission
spectra show different ratios between the D5 and the D,
emissions at lower and higher Tb** concentrations. The
emission spectrum at low Tb** concentrations consists of
the transitions from both the D5 and °D, levels. For Tb>*
ions, the energy gap between the D5 and >Dj, levels is close
to that between the "Fy and "F, levels. With an increase in
the Tb3* concentration, the emissions from the D5 to the
"Fy levels are quenched gradually by the cross-relaxation
process between neighbouring Tb3* ions38l:

Tb** (°D3) + Tb** ("Fe) — Tb** (°Dy) + Tb>* ('Fy)
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Figure 4. (a) The excitation spectrum of Gd,Si,O;N,:Tb**. (b) The
emission spectra of Gds Tb,Si,O7N, (Zex = 254 nm).

Thus the emission spectrum of GdsgyTbg-0Si>N,O,
shows four peaks at 486, 545, 583 and 620 nm which can
be assigned to the Dy to F, (J = 6, 5, 4, 3) transitions,
respectively. Among them, the green emission of the
SD,— F5 transition at 545 nm is clearly predominant at the
higher Tb3" concentration. The decay curve of
Gd;.95Tbg 05S1,07N, can be approximately fitted into a sin-
gle exponential function as 7 = lyexp(—#/7) in which 7 is the
decay lifetime. The lifetime of the Tb3* (°D, level) ions was
determined to be 1.1 ms (see Supporting Information, Fig-
2330
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ure S1). The Commission Internationale de L’Eclairage
(CIE) chromaticity coordinates for Gd4 . Tb,Si,O;N, ex-
cited at 254 nm have been calculated (see Supporting Infor-
mation, Figure S2). With increasing Tb3* content, the chro-
maticity coordinates (x, y) vary systematically from (0.212,
0.275) to (0.266, 0.588) with a corresponding gradual col-
our tone change in the samples from blue to green.

Luminescence Properties of Gd,_ Dy, Si,O;N,

Figure 5 shows the excitation and emission spectra of the
Gd,Si,0,N,:Dy3* samples. The excitation spectrum moni-
tored at 576 nm for the emission of the Dy3* (*Fo;,— ®H 5
») consists of a strong excitation band from 200 to 300 nm
with a maximum at 254 nm and some weak lines (275, 313,
354, 367, 389, 427, 456 and 478 nm) in the longer wave-
length region. The broad band is derived from the host ab-
sorption, indicating that there is an energy transfer from
the host absorption to the Dy>* ions. The lines at 275 and
313 nm can be attributed to the 8S,,—°I, and 8S,,— °P,
transitions of the Gd** ions. The appearance of the absorp-
tions of the Gd** ions in the excitation spectrum confirm
an energy transfer from Gd** to Dy>* ions. The others are
due to the f-f transitions (°H;s»—> Py, °Hjsn— P,
®Hys,— *Ma1o, ®Hysp—°Giypo, *Hysp—Clisp and “Hys)
—%Fy,) of the Dy3* ions within its 4f° configuration.l]
Upon UV excitation at 254 nm, the emission spectrum of
the Gd,Si,O,N,:Dy3* consists of characteristic emission
lines of the Dy>* ions at 486, 576 and 672 nm which can be
attributed to the “*Fo»—°Hisn, *Fon—°H3n and
*Fo,— ®Hy» transitions, respectively. The effect of the
Dy?* concentration on the emission has also been investi-
gated. Both emission bands increase with the increasing
Dy?* concentration up to 2.5 mol-% (Figure 6). In general,
the luminescence branching ratio is a critical parameter be-
cause it characterises the possibility of attaining stimulated
emission from any specific transition. Branching ratios for
yellow and blue originating from *Fo,, were evaluated ex-
perimentally by calculating the integrals under the respec-
tive emission bands. Figure 5 (b) shows the emission spectra
of the Gd, ,Dy,Si,O;N, with different Dy3* concentra-
tions. The Y/B ratios of the Gd, Dy, Si,O,;N, were calcu-
lated to be 0.78, 0.83, 0.85, 1.14, 1.30 and 1.41 with x =
0.01, 0.02, 0.03, 0.04, 0.05 and 0.10, respectively. The data
show that the ratio of Y/B becomes higher with the increase
in the Dy** concentration, indicating that the yellow emis-
sion becomes stronger than blue emission. The increasing
of the luminescence intensity ratios (Y/B) may be attributed
to two causes. The main reason is the energy-reabsorption.
When the electrons of Dy3" ions are excited from the
ground state to the excited state by UV light, these electrons
relax to the lowest excited state *Fyy, through multiphonon
relaxation then returnto the ground state to produce the
Dy?* emissions (*Foj,— °Hys/n, °Hj3). As shown in Fig-
ure 5 (a), there is an absorption peak between 470 and
500 nm in the excitation spectrum for the Dy>* ion. As the
concentration of Dy*" ions increases, the distance between

Eur. J. Inorg. Chem. 2011, 2327-2332
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Dy?* ions becomes shorter, so the energy resulting from the
*Fo,— ®H;s» (486 nm) transition can be reabsorbed and
then reemitted from “Fy, to ®H;3, (576 nm). Hence the
blue emission becomes weaker and the yellow emission be-
comes stronger. The other reason is matrix symmetry. It is
known that Dy>* emission around 486 nm (*Fo,,— °H,s),)
is a magnetic dipole transition and that at 576 nm
(*Fg,—°Hy3) is an electric dipole transition. The
4Foj— ®H,5» transition is predominant only when Dy*
ions are located at low-symmetry sites with no inversion
centres. As the doping concentration of Dy3* ions increases,
there will be a slight deviation from the symmetry in this
matrix because of the ionic radii difference between the
Gd3* (93.8 A) and Dy** (90.8 A) ions. Hence, the yellow
emission becomes stronger than the blue emission and the
emission colour can be tuned from blue-white to yellow-
white by controlling the Dy3* concentration. The CIE chro-
maticity coordinates for the Gd, ,Dy,Si,O,;N, have been
calculated (Supporting Information, Figure S3). With in-
creasing Dy** content, the chromaticity coordinates (x, y)
vary systematically from (0.348, 0.368) to (0.390, 0.411).
The corresponding emission colour can be tuned from
white to yellow. The lifetimes of the Gd, Dy, Si,O;N, sam-
ples were also measured as 0.404, 0.393, 0.383, 0.378, 0.375,
0.313 and 0.232 ms with x = 0.01, 0.015, 0.02, 0.025, 0.03,
0.05 and 0.10, respectively. The reduction of the lifetime
with increasing Dy** concentration is due to concentration
quenching of Dy** ions.% Ningthoujam[*!l has reported
that the data for the samples with Dy** concentrations be-
low 15 at.-% were not fitted with a monoexponential decay
but, rather, they can be fitted well with a biexponential de-
cay. To understand the behaviour of luminescence decay, we
have tried to fit the decay curve of Gds 975Dy 02551,07N,
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Figure 5. Excitation and emission spectra of Gd4 ,Dy,Si,O;N,.
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both with a monoexponential and a biexponential decay
equation. The correlation coefficients are 0.8981 and
0.9583, so the decay tendency may be more consistent with
the biexponential decay equation (see Supporting Infor-
mation, Figure S1).
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—o=Intensity 576 nm
—o=—Lifetime 576 nm

:

3
]

[
8
Time (ms)

11004 ——-’\

Intensity (a.u.)
O\C

_ % 8
ol

2 4 [ 8 10
Dy concentration (X, mol%)

Figure 6. The dependency of emission intensity and lifetime for
Gd, Dy, Si,O,N, on the Dy** concentration.

Conclusions

The Gd,Si,O;N, material, prepared by a solid state reac-
tion at 1550°C under a nitrogen atmosphere, is iso-
structural with Tb4Si,0,N, and belongs to the monoclinic
system. The cell parameters are « = 10.7357, b = 10.6032,
¢ = 8.0818, V' =872.26 A? and Z = 4. Upon excitation at
350 nm, Gd,Si,O;N,:Ce?* phosphor emits blue light peak-
ing at 445 nm which may have a potential application as
a blue component in the UV-pumped white LEDs. Upon
excitation at 254nm, the emission colour of
Gd,Si,O,N,: Tb*" phosphor can be tuned from blue to
green based on the concentration of the Tb?* ions, due to
the cross-relaxation process: Tb3*(°D3;) + Tb¥*("F¢)—
Tb3*(D,) + Tb3*(’F,). The emission colour of
Gd,Si,0,N,:Dy3* phosphor also can be tuned from white
to yellow by changing the concentration of Dy3* ions. The
energy transfer from the host absorption or Gd** ions to
the Tb>* or Dy3* ions was also observed.

Experimental Section

Sample Preparation: All powder samples of undoped and Ln3*-
doped Gd4Si,O;N, (Ln = Ce, Tb, Dy) were prepared by a solid
state reaction at high temperatures. The starting materials were
Gd,03 (99.99%), CeO, (99.99%), TbsO; (99.99%), Dy,0;
(99.99%) and B-Si3Ny4 (99%). Appropriate amounts of the starting
materials were homogeneously mixed in an agate mortar. Sub-
sequently, the powder mixtures were fired in alumina crucibles at
1550 °C for 3 h under a reducing atmosphere of N»/H, (10%) in a
horizontal tube furnace. After firing, the samples were cooled to
room temperature in the furnace and were ground again with an
agate mortar for further measurements.

Characterisation: Powder X-ray diffraction (XRD) measurements
were performed on a Bruker D8 focus X-ray powder diffractometer
with Cu-K, radiation (4 = 0.15405 nm). The size and morphology
of the samples were inspected using a field emission scanning elec-
tron microscopy (FE-SEM, S-4800, Hitachi, Japan). Photolumines-
cence (PL) excitation and emission spectra were recorded with a

2331
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Hitachi F-4500 spectrophotometer equipped with a 150 W xenon
lamp as the excitation source. The luminescence decay curves were
obtained from a Lecroy Wave Runner 6100 Digital Oscilloscope
(1 GHz) using a tuneable laser (pulse width = 4 ns, gate = 50 ns)
as the excitation (Contimuum Sunlite OPO). All the measurements
were performed at room temperature.

Supporting Information (see footnote on the first page of this arti-
cle): Luminescence decay curves for Gdsg96Ce0004S1,07N>,
Gds 50Tbg 10S1,07N,, and Gds 975Dy 02551,07N,; CIE chromaticity
diagrams for Gd, Tb,Si,0;N, and Gd, Dy, Si,O;N,.
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