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A series of Eu2+-activated Li2SrSiO4 orange-yellow phosphor compositions exhibiting intense emission
under 400-470 nm excitation are synthesized by solid-state reaction, and their luminescence properties
are investigated as a function of activator concentration (Eu2+). The critical concentration is found to be
0.005 mol of Eu2+ (Rc ) 34 Å) per formula unit. The composition containing 0.005 mol of Eu2+ is also
synthesized by a combustion technique followed by postannealing at different temperatures. The
luminescence emission intensity of a combustion-synthesized sample increases with increasing annealing
temperature. This is attributed to increased crystallinity and improved distribution of activator in the
lattice in the combustion-synthesized sample. Attempts are made to develop white light-emitting diodes
by combining an InGaN blue LED chip (420 nm) and a Li2SrSiO4: Eu2+ phosphor. Two distinct emission
bands from the InGaN and Li2SrSiO4:Eu2+ (562 nm) are observed that combine to give a spectrum that
appears white to the naked eye. The values of the CIE coordinates indicate that the Li2SrSiO4:Eu2+-
coated LED has improved red emission compared to the commercial YAG:Ce phosphor.

Introduction

Considering the growing importance of energy savings and
environmental friendliness, solid-state lighting (SSL) is
emerging as a highly competent field and a possible
alternative to existing lighting technologies. It is expected
that white LEDs could replace incandescent bulbs because
of numerous advantages such as higher energy efficiency,
longer life and reliability, and a low temperature of perfor-
mance. One approach to producing white light is the
combination of blue LED with green-, yellow-, and red-
emitting phosphor materials, viz. ZnS:Ag (blue), ZnS:Cu,
Al (green), ZnCdS:Ag (red),1 SrGa2S4:Eu2+ (green), and
ZnCdS:Ag,Cl (red).2 This approach has a disadvantage, as
it decreases the luminous efficiency due to absorption of the
emitted photon from one phosphor by the other and sulfide-
based materials also have low chemical stability. The most
common way to produce white light is to combine a blue-
emitting LED and a single oxide phosphor, which can be
excited with blue light and gives a broad emission band
covering the region from 500 to 600 nm.

In this regard, the first white LED that was fabricated has
a combination of GaN LED and Y3Al5O12:Ce3+ (YAG:Ce)
yellow-emitting phosphor.3 But this combination has a low
color rendering index (CRI) of 75. In 1996, a white LED
that had a combination of a blue LED chip and a yellow
phosphor ((Y1-xGdx)3(Al1-yGdy)5O12:Ce3+) was commercial-
ized.4 Doping of Gd at the Y and Al sites improved5 the

CRI to 85. The variation inx and y causes a shift in the
YAG:Ce emission between 510 and 580 nm. Further
improvement of CRI is possible only by doping an ion that
can emit in the orange-red region or mixing of another red
phosphor. An elegant solution lies in developing a new
orange-yellow phosphor and combining it with a blue LED.
Recently, oxynitride phosphors6,7 have been given importance
for generating white light, and efficient white LEDs have
been reported by the combination of InGaN (460 nm) and
orange-yellow oxynitride phosphors.8,9 In this paper, we
report a new orange-yellow phosphor that has a broad
emission peak from yellow to orange-red with a broad
excitation band.

In the present work, we synthesized and studied the optical
properties of a Eu2+-activated Li2SrSiO4 orange-yellow
phosphor and investigated the properties of white LEDs
through the integration of the InGaN blue LED chip and the
synthesized phosphor. Li2SrSiO4 was first synthesized by
Haferkorn et al.10 using a sol-gel technique. In this paper,
the compounds were synthesized by solid-state reaction
(SSR) as well as combustion synthesis (CS). Li2SrSiO4

crystallizes in a hexagonal system with space groupP3121
and the structure refinement was done by taking Li2EuSiO4

as the starting model. The synthesized phosphor was coated
on an InGaN LED chip (λem ) 420 nm) using standard LED
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technology. The observed white emission is reported here
and Commission Internationale de I’Eclairage (CIE) Chro-
maticity coordinates show better values compared to com-
mercial YAG:Ce-coated LED.

Experimental Section

2.1. Synthesis.Li2SrSiO4:Eu2+ compositions were synthesized
by solid-state reaction (SSR) and combustion synthesis (CS)
methods. The starting materials used were highly pure SrCO3

(Cerac, 99.99%), Li2CO3 (Merck, 99.0%), SiO2 (Thermal Syndicate,
99.99%), and Eu2O3 (Indian Rare Earths, 99.9%). For combustion
synthesis, the metal oxides/carbonates were dissolved in HNO3

(analytical reagent) to obtain the corresponding nitrates; commercial
fumed silica of grain size∼10 nm (CABOT Sanmar Ltd. India,
99.9%) is used as the source of Si, and carbohydrazide (CH6N4O;
Sigma-Aldrich, 98.0%) was used as the fuel. Excess Li2CO3 was
taken in order to compensate for the Li2O evaporation. The amount
of Li 2CO3 needed was optimized by X-ray diffraction (XRD) and
photo luminescence (PL) studies.

2.1.1. Solid-State Reaction (SSR).Stoichiometric amounts of
starting materials were ground well and preheated at 600°C for
12 h in order to avoid lithium volatilization. After the pre-heat
treatment, the obtained product was ground well and placed in an
alumina boat inside a tubular furnace and heated slowly to 800°C
under a reducing atmosphere (5% H2 + 95% N2). The sample was
kept at this temperature for 12 h and then cooled to room
temperature. Gas flow was maintained until the furnace was cooled
to room temperature.

2.1.2. Combustion Synthesis (CS).From the literature, we find
that fumed SiO2 was used as a silica source for combustion
synthesis; there are a few reports on combustion synthesis of silicate
host lattices.11 For the calculation of oxidizer to fuel ratio, the
elements are assigned formal valences as follows: Li) +1, Sr)
+2, Eu) +3, C) +4, N ) 0, O) -2 and H) +1. Accordingly,
the oxidizer and fuel values for the various reactants are as given
below

For complete combustion, the oxidizer/fuel ratio should be equal
to 1. Thus, the molar ratio of the reactants taken is 2:0.995:0.005:
1:2.5 LiNO3:Sr(NO3)2:Eu(NO3)3:SiO2:CH6N4O. The mixture was
taken in a glass beaker and stirred until a slurry resulted. The beaker
was kept in a preheated furnace at 550°C. Within a few minutes,
the slurry boiled and was ignited to produce a self-propagating
flame. The product obtained was postannealed in a reducing
atmosphere (5% H2 + 95% N2) at various temperatures, viz. 600
°C /3 h, 800°C /3 h and 800°C/12 h.

2.2. Characterization. The powder X-ray diffraction patterns
(XRD) were recorded in the 2θ range 5-90° using a Philips X’pert
diffractometer with Bragg-Brentano geometry. Structure refinement
was carried out by the Rietveld method using the FullProf program.12

The reflectance spectra of samples were recorded using a UV-
visible spectrophotometer with a 150 mm integrating sphere attach-
ment (V-560, JASCO) with BaSO4 as reference. The room-temper-
ature photoluminescence (PL) spectra were recorded using a spectro-
fluorometer operating in the range 220-720 nm (FP-6500, JASCO).
CIE Chromaticity coordinates were calculated using emission

spectra.13 InGaN LED chips supported on SiC substrate were used
for coating the phosphors. The fluorescence decay measurements
of samples were carried out using the time correlated single photon
counting technique (model 5000 U, IBH, U.K.) with a microchannel
plate photo multiplier tube (Hamamtsu R3809U) and blue LED
chip (λmax ) 455 nm) as the excitation source; data collection was
carried out by the software (Datastation 2000) provided by IBH.

Results and Discussion

3.1. Phase Formation.The following compositions were
synthesized by SSR in the present study with a 5 mol %
excess of Li2CO3:Li 2Sr1-xEuxSiO4, x ) 0, 0.0025, 0.005,
0.0075, 0.01, 0.02, 0.03, 0.04, and 0.05. All compositions
were single phase. The representative powder XRD patterns
of Li 2SrSiO4:0.005Eu synthesized by SSR are shown in
Figure 1. Figure 1 also shows powder XRD patterns of
samples synthesized by the CS method without excess
Li 2CO3. The as-combusted sample has a major phase with
the Li2SrSiO4 structure along with SiO2 as a minor second
phase. The second phase is progressively eliminated, and
single phase Li2Sr0.995SiO4:0.005Eu2+ is achieved with an
increase in postannealing temperature/time. We have also
synthesized compounds with excess Li2CO3 using the CS
technique. We compared the phase formation with materials
synthesized by CS without an excess of Li2CO3. We observed
that there is no difference in the phase formation behavior
with or without excess Li2CO3. We attribute this to the short
reaction time during combustion wherein volatilization of
Li 2O is negligible. It is possible Li2O would react with other
components in the reaction mixture, forming a matrix, and
lithium volatilization from the precursor matrix is not
significant during subsequent heating. It is to be emphasized
that Li2O is volatile, but Li+ present in other matrices does
not have significant volatilization.

All the reflections are indexed on the basis of a hexagonal
unit cell of Li2EuSiO4 (JCPDS no. 47-0120). In order to
optimize the amount of excess Li2CO3 used in SSR, we
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Figure 1. Powder X-ray diffraction patterns of Li2SrSiO4:0.005Eu2+

synthesized by solid-state reaction and combustion methods. The patterns of
combustion-synthesized samples annealed at various temperatures are shown.
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synthesized Li2SrSiO4:0.01Eu2+ with 0, 5, and 10 mol %
excess Li2CO3, referred to as samples A, B, and C,
respectively. No crystalline impurity phase could be detected
in any of the three samples.

The crystal structure refinement of Li2SrSiO4 was done
by taking Li2EuSiO4 as the starting model with space group
P3121. The observed, calculated, and difference patterns are
shown in Figure 2. The obtained profile factors are:Rp )
4.74,Rwp ) 6.12,Rexp ) 3.56, andø2 ) 2.95, revealing the
good quality of fitting. The refined lattice parameters area
) 5.023(5) Å andc ) 12.457(1) Å, which match well with
those reported in the literature.10 Sr2+ is coordinated to eight
oxygens with Sr-O bond distances of 2.720 Å (×2), 2.621
Å (×2), 2.555 Å (×2), and 2.536 Å (×2). Li+ is coordinated
to four oxygens with Li-O bond distances of 2.01, 1.978,
1.941, and 1.840 Å. Si4+ is coordinated to four oxygens with
Si-O bond distances of 1.722 Å (×2) and 1.664 Å (×2).

3.2. Diffuse Reflectance Spectra.The diffuse reflectance
spectra of Li2Sr1-xEuxSiO4, x ) 0.01-0.05 in steps of 0.01,
are given in Figure 3. Two strong absorption bands are
present at 260 and 400, and one more weak absorption band
is observed at 310 nm; all the bands are attributed to the 4f7

f 4f65d1 electronic transitions of Eu2+. These bands are
absent in the DRS spectrum of the parent phase (unsubsti-
tuted Li2SrSiO4). The band at 220 nm observed for all
compositions is due to host absorption. The same is seen
for the parent phase (not shown in the figure).

3.3. Photoluminescence of Li2SrSiO4:Eu2+. The PL
excitation spectrum of Li2SrSiO4:0.005Eu2+ is shown in
Figure 4. The spectrum clearly indicates an absorption band
at 308 nm and broad absorption from 400 to 470 nm. All
the excitation bands are due to 4f7 f 4f65d1 transitions, and
the broad excitation from 400 to 470 nm matches well with
LED (GaN-based) emission. The photoluminescence emis-
sion spectra of the three samples with different Li2CO3

contents (A, B, and C) are given in Figure 5. The maximum

PL emission intensity is observed for sample B when
compared to samples A and C. This can be explained as
follows: in the case of sample A, there can be lithium ion
vacancies in the lattice due to lithium oxide evaporation
during synthesis. These vacancies can act as trapping centers,
which leads to a decrease in emission intensity. In compari-
son, sample B synthesized with 5 mol % excess Li2CO3 to
compensate for the loss in Li2O is expected to be devoid of
Li + vacancies and hence has significantly higher emission
intensity. In the case of sample C, the presence of a
considerable excess of second-phase amorphous Li2O dilutes
the matrix, and therefore, the emission intensity is apparently
marginally lowered. The existence of traps in the lattice is
further confirmed by fluorescence lifetime measurements.
The observed lifetimes are as follows: sample A,τ )30 ns,
0.68µs; sample B,τ ) 0.80µs; and sample C,τ ) 1.1 µs.
From the values of the lifetime, it is clear that sample A has
two types of traps. Theτ ) 30 ns trap may be due to the
existence of lithium ion vacancies in the lattice. The single
value for each of the other two samples indicates the absence
of lithium ion vacancies in the lattice in these samples.

Figure 2. Rietveld refinement plot of X-ray diffraction data for Li2SrSiO4.
Observed, calculated, and difference profiles are plotted on the same scale.
The atomic positions of Li2SrSiO4 are given.

Figure 3. Diffuse reflectance spectra of Li2Sr1-xEuxSiO4 (x ) 0.01-0.05
in steps of 0.01).

Figure 4. Photoluminescence excitation spectrum of Li2SrSiO4:0.005Eu2+.
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As it has a broad excitation, this phosphor can be excited
with different wavelengths. The phosphor compositions show
a strong orange-yellow emission band with a maximum at
562 nm extending to 650 nm. The emission intensity is
almost equal under 400, 420, and 450 nm excitations. This
feature makes these phosphor compositions very attractive
for application in LEDs. The emission intensity correspond-
ing to the 473 nm excitation is lower compared to that of
others. This is due to the relatively lower absorption at this
wavelength (Figure 4).

The emission intensities of Li2SrSiO4:Eu2+ phases as a
function of Eu2+ concentration at different excitation wave-
lengths are shown in Figure 6.With increasing concentration
of Eu2+, the emission intensity increases up to 0.005 mol of
Eu2+; a further increase in the Eu2+ concentration leads to a
decrease in the emission intensity, which is an indication of
nonradiative energy transfer between Eu2+ ions. This may
occur because of exchange interaction, radiation reabsorption,
or multipole-multipole interaction.14 The optical transitions
in Li 2SrSiO4:Eu2+ are allowed (4f7 f 4f65d1), and hence

exchange interactions are ruled out. In the present case,
radiation reabsorption due to spectral overlap alone cannot
be fully responsible for nonradiative energy transfer between
the Eu2+ ions. Hence, the process of energy transfer should
be electric multipole-multipole interaction. The probability
of energy transfer between the Eu2+ ions due to multipole-
multipole interaction is distance-dependent.15,16 As the con-
centration of Eu2+ ions increases, the distance between the
Eu2+ ions becomes smaller, leading to the high probability
of energy transfer among the Eu2+ ions. From Figure 6, it is
clear that 0.005 mol is the critical concentration of Eu2+. A
rough estimation of the critical distance (Rc) for energy
transfer can be made using the relation given by Blasse17

where V is the volume of the unit cell,xc is the critical
concentration of the activator ion, andZ is the number of
formula units per unit cell. For the Li2SrSiO4 host,Z ) 3, xc

) 0.005, andV ) 315 Å.3 Using these values, the obtained
Rc value is≈ 34 Å. This large value ofRc can be attributed
to the smallStokes shift (1218 cm-1) resulting from the
stiffness of the host lattice, which is made of an SiO4

tetrahedral network and spectral overlap between the emis-
sion and excitation bands.18 Figure 7 shows representative
fluorescence decay curves of the 562 nm emission band for
Li 2Sr0.995Eu0.005SiO4. As described by Blasse and Grab-
maier,15 it is well-known that the decay behavior can be
expressed as follows

whereI0 andI are the luminescence intensities at time 0 and
t, respectively, andτ is the luminescence lifetime. Using eq
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(15) Blasse, G.; Grabmaier, B. C.Luminescent Materials; Springer-Verlag:
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(18) Lucas, F.; Jaulmes, S.; Quarton, M.J. Solid State Chem.2000, 150,

404-409.

Figure 5. Photoluminescence emission spectra of Li2Sr0.99Eu0.01SiO4 with
(A) 0, (B) 5, and (C) 10 mol % excess Li2CO3.

Figure 6. Emission intensities of Eu2+ fluorescence as a function of Eu2+

concentration in Li2SrSiO4:Eu2+. Emission intensities were measured at 400,
420, 450, and 473 nm excitation.

Figure 7. Representative fluorescence decay curves of the 562 nm emission
band of Li2SrSiO4:0.005Eu2+.

Rc ≈ 2[ 3V
4πxcZ]1/3

(1)

I ) I0 exp(-t/τ) (2)
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2, we found the values of the lifetime of the excited-state in
Li 2Sr1-xEuxSiO4 for x ) 0.0025, 0.005, 0.0075, and 0.01-
0.05 to be 0.90, 1.10, 0.90, 0.80, 0.78, 0.75, 0.70, and 0.63
µs, respectively. Above the critical concentration (xc )
0.005), the lifetime values decrease monotonously with
increasing concentration of the dopant ion. Thus, at high
concentrations of Eu2+, the migration of energy nonradia-
tively between the Eu2+ increases, resulting in a decrease in
the lifetime.

The technique of combustion synthesis (CS) can be used
to synthesize phosphors at low sintering temperature with
high purity, high chemical homogeneity, and nanoparticle
size.20,21 The best composition, Li2SrSiO4:0.005Eu2+, was
also synthesized by the CS technique; the optical properties
of the samples were compared with those of the samples
synthesized by SSR. The PL emission spectra of SSR and
CS samples are shown in Figure 8. The emission intensity
of the CS sample increases with an increase in postannealing
temperature/time. The highest emission intensity is obtained
for the sample postannealed at 800°C for 12 h, which is
higher than that of the sample synthesized by SSR. This can
be attributed to improved crystallinity and a higher degree
of homogeneity of the activator in the sample synthesized
by CS. We compared the photoluminescence properties with
those of materials synthesized by CS without an excess of
Li2CO3. We observed that there is no change in the properties
with or without excess Li2CO3 (section 3.1).

The CIE values for the YAG:Ce phosphor arex ) 0.3228,
y ) 0.6208 and those of Li2SrSiO4:0.005Eu presently studied
arex ) 0.3677,y ) 0.5148. LEDs were fabricated by mixing
the Li2SrSiO4:0.005Eu2+ phosphor with a transparent epoxy
resin and coating on InGaN LED chip (λmax ) 420 nm). The
coated chip was kept in a centrifuge for about 30 min in

order to remove any air bubbles and the resin was subse-
quently cured in an air oven. The PL emission spectrum
recorded on the coated LED is shown in Figure 9; the inset
shows the same for the commercial YAG:Ce phosphor-
coated LED (λmax) 455 nm) in the present study, for compar-
ison. The CIE chromaticity coordinates of YAG:Ce-coated
LED calculated from the PL spectra are (0.3069,0.3592), and
the values match well with values reported in the literature.22

The chromaticity coordinates of Li2SrSiO4:0.005Eu2+-coated
LED are (0.3346,0.3401). The CIE values of Li2SrSiO4:Eu2+

indicate that the red component is improved vis a vis YAG:
Ce, which would help in increasing the CRI. The luminous
efficiency of the Li2SrSiO4:0.005Eu2+ LED is 35 lm/W and
is comparable to that of YAG: Ce (around 35 lm /W). The
InGaN LED chip before and after coating with the Li2SrSiO4:
0.005Eu2+ phosphor is shown in Figure 10. These results
reveal that the phosphor Li2Sr0.995SiO4:0.005Eu2+ is suitable
for generating bright white emission under 420 nm excitation.
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Figure 8. Photoluminescence emission spectra of Li2Sr0.995SiO4:0.005Eu2+

synthesized by solid-state reaction and combustion methods. The spectra
of CS samples postannealed at various temperatures are shown.

Figure 9. Photoluminescence spectrum of LED fabricated using an InGaN-
based LED chip and Li2Sr0.995SiO4:0.005Eu2+ phosphor. Inset shows the
same for a commercial YAG:Ce phosphor.

Figure 10. Photographs of (A) InGaN blue LED chip and (B) InGaN LED
chip coated with Li2SrSiO4:0.005Eu2+.
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Conclusions

Li 2SrSiO4 is synthesized by SSR and CS methods and
structure refinement is carried out. The optical properties of
Eu2+-doped Li2SrSiO4 are studied. The phosphors have broad
excitation band (400-470 nm) with orange-yellow emission
(562 nm). The variation of Eu concentration in the lattice
was studied in order to find out the critical concentration
(xc) and distance (Rc). The mechanism of concentration
quenching of Eu2+ in Li 2SrSiO4 is confirmed to be dipole-
dipole interaction. The emission intensity of the CS sample
increases with increasing annealing temperature/time and is
higher than that of the corresponding SSR-synthesized
composition because of improved crystallinity and homo-
geneity. Further, we attempted to develop white LEDs by

integrating the InGaN blue LED chip and Li2SrSiO4:
0.005Eu2+ phosphor. The combination of a blue-emitting
LED (420 nm) and orange-yellow phosphor results in white
light and the CIE values are better than those of the YAG:
Ce phosphor coated LED (455 nm). Li2SrSiO4:Eu2+ is a
potential phosphor for SSL lighting using InGaN (420 nm)
to produce white light.
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