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Monophasic Srz(Ce;_xSny )04 phosphors (x=0-0.07) were prepared via the sol-gel process. A broad exci-
tation band ascribed to the Ce**-02- transition was observed in the range of 200-450 nm. With doping
Sn*" ions into the host, the intensity of the low-energy peak enhanced remarkably due to a decrease
in crystal field. The intensity ratio of the low-energy peak to the high-energy peak increased with the
amount of Sn** ions doped. Moreover, the red shift of the excitation peaks was observed due to an increase
in the bond length of Ce-0. Upon excitation at around 346 nm, the intensity of the blue emission peak
peaking at 483 nm was enhanced with doping Sn** ions. The doping of tin ions was found to significantly
improve the luminescence characteristics of the prepared phosphors when they were excited under UV

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Oxide-based phosphors are widely utilized in various optical
devices such as plasma display panels (PDPs), field emission dis-
plays (FEDs) and light-emitting diodes (LEDs) due to their high
thermal and chemical stability [1]. In recent years, oxide-based lan-
thanide phosphors have caught much attention because of their
excellent optical properties [2]. Comparable red and green emit-
ting phosphors have been widely used in FEDs and LEDs [3-5], but
blue emitting phosphors suitable for practical application remain
rarely available.

Sr,Ce04 was first discovered by Danielson et al. in 1998 [6].
Sr,Ce04 phosphor has been confirmed to have an orthorhom-
bic crystal structure with one-dimensional chains of edge-sharing
CeOg octahedrons linked by strontium ions [7], and it was con-
sidered a potential candidate for blue phosphors [8]. In addition,
Sr,Ce0O4 was found to emit efficient luminescence under ultraviolet,
cathode ray and X-ray excitation [6,9].

Sr,Ce04 phosphor displays a broad absorption band in the
200-400 nm range [10]. The broad excitation spectrum in the UV
range indicates the feasibility of Sr,CeO4 phosphor to be utilized in
UV-LEDs. LEDs have become the research and development focus
of lighting industry lately and they are widely considered the next
generation illumination devices [11,12]. Nishida et al. have shown
that the AlGaN-based LEDs emit UV light [13]. When Sr,CeO4 phos-
phors are used for UV-LEDs, they cannot produce strong emission.

* Corresponding author.
E-mail address: chlu@ntu.edu.tw (C.-H. Lu).

0925-8388/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2009.06.154

In this study, in order to improve illumination efficiency of Sr,CeOQyg4,
tin (IV) ions were used to replace cerium ions in the host in attempt
to increase the excitation intensity in the UV range. The photolu-
minescence properties of the excitation and emission spectra of
Sr,(Ceq_xSnx )04 phosphors were investigated. In addition, the band
structure of the prepared phosphors was also discussed.

2. Experimental

Sr,(Ce;_xSny)O4 phosphors were prepared via a sol-gel route using citric acid
and ethylene glycol as the chelating and polymerizing agents, respectively. Tin
(IV) oxide was first dissolved in dilute hydrochloric acid. Stoichiometric amounts
of analytical-grade strontium nitrate and cerium nitrate were then added into
the above solution according to the composition of Sry(Ce;_xSny)O4 (0 <x <0.07).
Citric acid was added into the above prepared solution and stirred for 1h, fol-
lowed by adding ethylene glycol. The molar ratio of citric acid to ethylene glycol
was set at 1:1.5. The mixed solution was heated and stirred at 130°C for 1.5h
to remove water. Further heating at 300°C was performed to initiate the gela-
tion reaction, in which citric acid chelated with the metal ions and reacted with
ethylene glycol to form gels. The clear solution turned into a brownish gel as a
result of gelation reaction. The gels were further heated at 500°C in air for 3h
to remove organic residuals. The prepared precursors were then washed with
deionized water, and the obtained powders were later heated at 1000°C in air for
4h.

The obtained powders were analyzed for phase purity using a diffractometer
(Philips X'Pert) operated at 40kV and 30 mA with Cu Ko radiation. Particle size
analysis and morphological investigation of the prepared powders were performed
using a field emission scanning electron microscope (FESEM) (Hitachi S-800) oper-
ated at 20kV. Compositional analysis was carried out using an energy dispersive
X-ray (EDX) spectroscope equipped on the FESEM (Hitachi S-800). Photolumines-
cence characteristics of the phosphors were determined by using a fluorescence
spectrophotometer (Hitachi F-4500) using a 150 W Xe lamp as the excitation source
at room temperature. The Commission International de I'Eclairage (CIE) analysis was
performed by employing a fluorescence spectrophotometer (Hitachi F-4500) with
an Ocean Optics CIE analyzer attachment. X-ray photoelectron spectroscopy (XPS)
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was recorded using an X-ray photoelectron spectrometer (Thermo Scientific, Theta
Probe) with a standard Al Ko (1486.68 eV) X-ray source.

3. Results and discussion

3.1. Characterization and microstructures of sol-gel derived
Sry(Ceq_xSny )04 phosphors

Sry(Ceq_»Sny )04 phosphors were prepared via the sol-gel pro-
cess. With 1000°C calcination for 4 h, well-crystallized powders
were obtained. The X-ray diffraction patterns of Sry(Ceq_xSny)O4
(x=0,0.01,0.03,0.05 and 0.07) are illustrated in Fig. 1. The patterns
for all the samples were well consistent with the data in ICDD files
(no. 89-5546) [14], and the structure of Sr,CeO4 was confirmed to
be orthorhombic. When Sn** ions were doped to substitute cerium
ions in the host lattice of Sr(Ce;_xSnk)O4 (x=0.01, 0.03, 0.05 and
0.07), the crystallinity of the sample was found to slightly decrease
as shown in Fig. 1(b)-(e). This may be due to the fact that the ionic
radius of Ce** (0.087 nm for six-coordination) is larger than that
of Sn** (0.069 nm for six-coordination) [15]. To measure the dop-
ing amount of Sn** in Sr,CeO,4 host, EDX was performed in this
study. The molar ratio of Sn**/Ce** in the prepared phosphors was
found to monotonously increase with an increase in the doped Sn**
concentration.

Fig. 2 shows the microstructures of the sol-gel derived
Sry(Ceq_xSny)04 powders heated at 1000 °C for 4 h. In Fig. 2(a), the
particle size of the sample (x = 0) was predominantly in the range of
0.3-0.8 wm. The morphology of the obtained powders with x=0.03
and 0.07 was similar to that with x=0, as evidenced in Fig. 2(b)
and (c). However, the particles slightly enlarged with Sn** doping.
In the sol-gel process, the metal ions are chelated with citric acid
to form polymer networks due to polymerization reaction, which
can help to reduce segregation of particular metal ions. Moreover,
lower synthesis temperature and shorter heating time required in
the sol-gel process, as compared with those of the solid-state reac-
tion, both pose restrictive effects on the growth of Sr(Ce;_,Sny )04
powders during calcination [16]. This probably explains why the
sol-gel derived Sr(Ce;_xSny)O4 powders were much smaller in
particle size than the solid-state prepared powders (in the range
of 7-27 pm) [17].
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Fig. 1. X-ray diffraction patterns of Sr(Ce;_xSny)O4 (0 <x <0.07) phosphors cal-
cined at 1000°C for 4 h.

Fig.2. Scanning electron microscopic images of Srp(Ce;_xSny)O4 phosphors calcined
at 1000°C for 4 h: (a) x=0, (b) x=0.03, and (c) x=0.07.

3.2. Luminescence properties of sol-gel derived Sry(Ce;_xSny )04
phosphors

The excitation spectra of the sol-gel derived Sry(Ceq_xSnk)O4
(x=0, 0.01, 0.03, 0.05 and 0.07) phosphors are illustrated in Fig. 3.
The excitation spectrum (Aem =483 nm) of Sr,CeO4 (x =0) displays
abroad absorption band in the UV region from 230 to 430 nm. It was
noted that the excitation band was asymmetric and composed of
two peaks at 294 and 344 nm, and this band could be assigned to the
ligand-to-metal charge transfer from 02~ to Ce** [6]. An electron
can transfer from an oxygen ligand to the empty 4f shell of Ce** ions
under two conditions: in a low spin (LS) singlet excited state with
no change in spin orientation (a spin-allowed transition, AS=0), or
in a high spin (HS) triplet excited state with change in spin orienta-
tion (a spin-forbidden transition, AS=1). Based on Hund’s rule, the
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Fig. 3. Excitation spectra (Aem =483 nm) of Sry(Ce;_xSny )04 (0 < x < 0.07) phosphors
calcined at 1000°C for 4 h.

HS excited state is lower in energy than the LS excited state [9,18].
Accordingly, the high-energy (short wavelength) and low-energy
(long wavelength) peaks could be assigned to the spin-allowed (LS)
and spin-forbidden (HS) transitions, respectively.

When Sn** ions were doped into Srp(Ce;_xSny)O4 phosphors,
the excitation spectra changed significantly. As x was increased
from 0.01 to 0.07, the intensity of the high-energy peak reversely
decreased. It was also noted that the intensity of the low-energy
peak increased with doping amount of Sn** ions. The enhanced
excitation intensity of the low-energy peak is considered a result of
weakened crystal field when increasing amount of Sn** ions were
doped into the host. For an octahedron structure (such as CeOg),
the crystal field is markedly influenced by the ionic radii of the
dopants and the nature of the metal ions [19]. Weak crystal field
leads to more electrons transferring from the ground state to HS
triplet excited state than to LS singlet excited state between Ce**
4f shell and oxygen ligands [20]. Thus, doping Sn** ions caused
the enhancement in the excitation intensity of the low-energy
peak. The highest excitation intensity of the low-energy peak was
obtained as x=0.07.

The asymmetric excitation spectra of Sry(Ceq_xSnk)O4 (x=0,
0.01, 0.03, 0.05 and 0.07) phosphors were de-convoluted into two
Gaussian peaks as shown in Fig. 4. In Fig. 4(a), the two peaks cen-
tering at 294 and 344 nm could be ascribed to the spin-allowed and
spin-forbidden transitions, respectively. In Sr(Ce;_,Sny)O4 phos-
phors, the intensity of the high-energy peak (at around 294 nm) was
higher than that of the low-energy peak (at around 344 nm) when
the doping amount of Sn** ions was no more than x=0.03 as shown
in Fig. 4(a)-(c). The excitation bands of Sry(Ce;_xSny)O4 (x=0.01
and 0.03) and that of pure Sr,CeO4 phosphor showed similar pat-
terns [8,21,22]. On the contrary, the intensity of the high-energy
peak (at around 296 nm) was lower than that of the low-energy
peak (at around 347 nm) when x was increased to 0.05 and 0.07.
There are two probable explanations for the enhanced intensity of
the low-energy peak: one is that more electrons transferred from
the ground state to HS excited state than to LS excited state when
the doping amount of Sn*" ions was increased; the other is the
existence of SnOg octahedron formed by replacing Ce** with Sn** in
CeOg octahedron. A charge transfer in SnOg octahedron contributes
to a broad excitation band at around 347 nm [23], which matches
well with the position of the low-energy peak arisen from CeOg
octahedron.
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Fig. 4. De-convolution results of excitation spectra of Sry(Ce;_xSny)O4 (0 <x <0.07)
phosphors calcined at 1000 °C for 4 h.

The high-energy and low-energy peaks were found to shift
towards longer wavelength (from 294 to 296 nm and from 344 to
347 nm, respectively) when the doping amount of Sn** ions was
increased from x=0 to 0.07 as shown in Fig. 4. This observation
could be ascribed to the lengthening of two types of Ce-O bonds
in CeOg octahedron. As smaller Sn** jons were doped to substitute
larger Ce** ions in the host, the formed Sn-O bonds were shorter
in length than the original Ce-0 bonds. This resulted in expansion
of the neighboring CeOg octahedrons, leading to increased length
of neighboring Ce-0 bonds and thereby a red shift of the two exci-
tation peaks.

Fig. 5 depicts the dependence of intensity ratio of the high-
energy (high-E) excitation peak to the low-energy (low-E) one
on the doping amount of Sn*" ions. The ratio decreased with
increasing amount of Sn** ions doped due to a change in the ligand
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Fig. 5. Dependence of intensity ratio of the high-energy to low-energy excitation
peaks on the doping amount of Sn** ions.
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Fig. 6. Emission spectra (Aex ~ 346 nm) of Srp(Ceq_xSny )04 (0 <x < 0.07) phosphors
calcined at 1000 °C for 4 h; the inset is the photograph of Sr,Ceg 93Sng 0704 phosphor
upon UV excitation.

environment, indicating the feasibility of fine tuning the excitation
spectra of Sry(Ceq_xSny)O4 phosphors by adjusting the doping
amount of Sn** jons.

The emission spectra (monitored at the wavelength of low-
energy excitation peak) of the sol-gel derived Sr(Ceq_,Sny)O4
(x=0-0.07) phosphors doped with various amounts of Sn** ions
are shown in Fig. 6. When x=0, a broad emission band peaking
at 483 nm was observed. As the doping amount of Sn** ions was
increased to 0.01, the emission intensity adversely decreased due
to a decrease in the crystallinity of the sample. When the doping
amount of Sn** jons was further increased to 0.07, the emission
intensity of the sample greatly increased by 139% as compared
to that of undoped Sr,CeO4 phosphor upon excitation at 346 nm.
The observed emission band for every sample was assigned to the
metal-to-ligand charge transfer (MLCT) transition [24]. The emis-
sion band was asymmetric and composed of two Gaussian peaks
centering at 479 and 532 nm, and these two peaks were resulted
from two charge transfer transitions with different energy levels
because of two different lengths of Ce-O bonds in CeOg octa-
hedron [24]. The structure of Sr,CeO4 consists of linear chains
of edge-sharing CeOg octahedron, and the notable feature of the
chains is the presence of two trans terminal Ce-O groups perpen-
dicular to the plane defined by four equatorial w2-0 atoms. The
terminal Ce-O bonds are about 0.1 A shorter than the equatorial
bonds [6], thereby leading to charge transfer transition with dif-
ferent energy levels because of the two types of Ce-0 bonds. The
energies of terminal and equatorial metal-to-ligand excited states
lie at 2.59eV (Aem=479nm) and 2.33eV (Aem=532nm) above
the ground state, respectively. The Commission International de
I'Eclairage (CIE) chromaticity coordinates for Sn**-doped Sr,CeQ4
phosphors were recorded. Since the emission spectra of the pre-
pared samples showed no shift with various amounts of doped
Sn**, the chromaticity coordinates for all the prepared samples
were the same. The measured coordinate was at (0.18, 0.26). The
photograph of Sr,Ce( g3Sng 9704 phosphor excited by an UV light
source is shown in the inset of Fig. 6 and its corresponding emission
intensity was the highest among all the samples.

The emission spectra (monitored at 296 nm) of the sol-gel
derived Sry(Ceq_xSnyx)O4 phosphors are shown in Fig. 7. When
x=0, a broad emission band peaking at 483 nm was observed. As
x was increased from 0.01 to 0.07, the emission intensity gradually
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Fig. 7. Emission spectra (Aex ~ 296 nm) of Sry(Ceq_xSny )04 (0 <x <0.07) phosphors
calcined at 1000°C for 4 h.

decreased due to the decrease in the excitation intensity at 296 nm.
This reduction in emission intensity was mainly ascribed to more
electrons transferring from the ground state to HS excited state than
to LS excited state when Sn** ions were doped into Sr,CeQ4 matrix.

The excitation and emission bands for Sry(Ceq_xSny)O4 phos-
phors were ascribed to the charge transfer between 0%~ and Ce**.
However, Ce3* ion is a well-known activator, which was used in
various phosphor systems for producing blue emission under suit-
able excitation energy [25]. Therefore it is necessary to make sure
if there is Ce3* on the surface of the phosphors. Fig. 8 depicts the
XPS spectra of Sry(Ceq_xSny)O4 (x=0-0.07) phosphors for Ce (3d).
For all the samples, the peaks at 881.8, 888.4, 898.1, 900.5, 906.8
and 916.4 were all assigned to Ce** ion without the detection of
Ce3* jons [9,26], indicating that the excitation and emission bands
for Sry(Ceq_xSny)O4 phosphors were completely ascribed to the
ligand-to-metal and metal-to-ligand charge transfers, respectively.
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Fig. 8. X-ray photoelectron spectroscopy of Sr2(Ce;_,Sny )04 phosphors ((a) x=0; (b)
x=0.1; (c)x=0.3; (d) x=0.5; () x=0.7) for Ce (3d).
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Fig. 9. Dependence of emission intensity of Sry(Ce;_,Sny)04 (x=0.07) phosphors
excited at 297 and 345 nm on the doping amount of Sn** ions.

Fig. 9 demonstrates the dependence of emission intensity of
Sry(Ceq_xSnk)04 (x=0-0.07) phosphors excited at 297 nm (high-
energy peak of excitation spectra) and 345 nm (low-energy peak
of excitation spectra) on the amount of Sn** ions doped. As dis-
cussed above in Fig. 6, the emission intensity of the sample excited
at 346 nm reduced owing to a decrease in crystallinity when the
doping amount of Sn** ions was increased to 0.01, and the emission
intensity further raised by 139% as compared to that of undoped
Sr,Ce0,4 phosphor when the doping amount of Sn** was increased
to 0.07. On the other hand, when the samples were excited at the
wavelength of high-energy peak (297 nm), the emission intensity
decreased with increasing doping amount of Sn** since doping Sn**
into the host led to weakened crystal field. Moreover, most elec-
trons were expected to transfer from ground state to the low-energy
excited state (HS triplet excited state) instead of transferring to the
high-energy one (LS singlet excited state). Conclusively, blue emis-
sion of the phosphors upon excitation at 346 nm can be enhanced
by doping Sn** ions into Sr,Ce04 host.

3.3. Band structure of sol-gel derived Sry(Ce;_xSnx)04 phosphors

Based on the recorded excitation and emission spectra, the band
structure of Sry(Ce;_xSnx)O4 (x=0.07) phosphor and the energy
level distribution within the band gap were illustrated in Fig. 10.
Once the phosphors are irradiated, the electrons jump from valence
band (VB) to excited states with and without a change in spin ori-
entation (HS and LS charge transfer state (CTS), respectively). The
excitation spectrum of Sry(Cegg3Sngg7)04 phosphor consisted of
two peaks at 296 and 347 nm, which are assigned to the transition
from ground state to LS and HS CTS, respectively. Therefore, the
LS CTS is supposed to locate at 4.19 eV above the VB. The HS CTS is
located at 3.57 eV, which is lower in energy than that of LS CTS since
the transition between HS CTS and VB is parity forbidden [23]. After
the excitation, the excited electrons release from LS and HS CTS
to two MLCT states via a non-radiative process. The (MLCT )terminal
state is higher in energy than that of (MLCT)equatorial due to the
difference in length between terminal and equatorial Ce-O bonds
in CeOg octahedron. The emission bands at 479 and 532 nm were
ascribed to the transition from MLCT states ((MLCT )terminar li€s at
2.59eV and (MLCT)equatorial at 2.33 eV as shown in Fig. 8) to VB.
In comparison, the energy levels of LS and HS states of this sam-
ple were both lower than those of Sr,CeO4 phosphor without Sn#*
doping. This observation can be ascribed to the red shift of the exci-

419 feeecereniianiann —-_— IS AS=0
357 . HS AS=1
3
: 259 (MLCT)(crminal
;:_f 233 (MLCT)cqnulorixl
= -
= -4:3 E
RNE
- T 5
=] b
=3 g
v =%
7]
0 Jd..

1 Emission Process T Excitation Process

ﬂ Nonradiative process

Fig. 10. Schematic diagram of the energy levels in Sry(Ce;_xSny)O4 (x=0.07) phos-
phors.

tation peaks because of lengthened Ce-O bonds as Sn** ions were
doped.

4. Conclusions

Sry(Ceq1_»Snx )04 phosphors were successfully synthesized via
the sol-gel route. The prepared phosphors displayed asymmetric
excitation spectra which composed of two broad bands at around
296 and 346 nm. As Sn** ions were doped, the excitation inten-
sity at 346 nm was enhanced, and the ratio of the intensity at
346 nm to that at 296 nm was also increased. The variation in the
intensity ratio was attributed to a reduction in the crystal field
in Sry(Ce;_xSny)O,4 host. Additionally, a red shift in the excita-
tion spectra of Sry(Ceq_,Sny )04 phosphors occurred because of the
lengthening of Ce-0 bonds. Sry(Ce;_xSny)O4 phosphors produced
blue emission at 483 nm upon excitation at 296 and 346 nm. The
doping of Sn** ions was found to remarkably enhance the emission
intensity of the phosphors excited at 346 nm.
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