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Improving luminescent property of SrIn,O4:Eu’t by
co-doped A* (A = Li, Na, K) or Sm3**
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A series of SrInyO4:Eu’*t phosphors are synthesized by a high temperature solid-state method, and their luminescent
properties are investigated. They can be excited by 395-nm radiation, and produce red emission (619 nm); however, they
have a low absorption of near-ultraviolet light with the wavelength of 400 nm—405 nm. When co-doped with AT (A =Li,
Na, K), the emission intensity of SrInyO4:Eu" is significantly enhanced, but its emission and excitation spectral profile is
unchanged. With co-doping Sm>*, not only is the emission intensity of SrIn,O,:Eu>" enhanced, but also the absorption is
broadened and strengthened in the range of 400 nm—405 nm. The effect of Sm3*-doped content on the emission intensity
of SrInyO4:Eut, Sm3t is investigated, and the optimal Sm3* content is 0.02 mol.
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1. Introduction

In comparison with conventional illumination applica-
tions, the white light-emitting diode (w-LED) offers many ad-
vantages such as longer service lifetime, thermal resistance,
and higher efﬁciency.[1‘3] However, commercial white LEDs,
which combine a blue LED chip with a yellow light emitting
phosphor YAG:Ce, have a less satisfactory color rendering in
the red region, leading to the fact that the white LED has a
poor color rendering property.!*! Therefore, in order to achieve
a new kind of white LED, other ways are suggested, for exam-
ple, a white LED can be obtained by combining a tri-color
(red, green, and blue) phosphor or a single-phase white emit-
ting phosphor with an ultraviolet or near ultraviolet (n-UV)
LED 519 Therefore, more and more attention has been paid
to the development of a new tri-color or white emitting phos-
phor that can be excited in the range of UV or n-UV light, due
to the necessity of increasing the efficiency of white LEDs.
Among the tri-color phosphors, some sulfide phosphors such
as (Ca, Sr)S:EuzJr and Y,0,S:Eut are used as red phosphors
for commercial white LEDs. However, their chemical stability
and efficiency are not desirable. Therefore, it is necessary to
seek the new red phosphors with high luminance and satisfac-
tory chemical stability.

The trivalent europium ion, Eu3*, is usually adopted as
a red emitting center thanks to its intrinsic characteristic that
Eu’t (4f%) ions can create red emission with a high lumi-
nescent efficiency and can be effectively excited by UV and
blue light.[!!=13] Therefore, in order to develop novel red emit-

DOI: 10.1088/1674-1056/22/4/047804

ting materials for serving as solid state lighting, Eu’*-doped
materials still attract much interest. Recently, Eu3T-activated
vanadate garnet, molybdate, tungstate scheelites, and Eu?t-
doped M,SisNg (M =Ca, Sr, Ba) novel red emitting materi-
als have been reported.!'*2% Eu3*-doped MIn,O4 (M =Ca,
Sr) can also create red emission, such as SrInyO4:Eu’t 21
However, it is very important that its excitation lines via the
characteristic f—f transition of Eu*t in SrIn,O4 are located at
n-UV. Therefore, the f—f transition of Eu3T is too narrow to
cover the whole wavelength range of the emission of the n-
UV LED source, 395 nm—405 nm.??! In addition, for MIn,Oy4
(M =Ca, Sr), Eu>™ may substitute for M>* (M =Ca, Sr) or

3+ 1231 Generally, a kind of cation is replaced by another with

In
different valence in the matrix, and substitution content is re-
stricted because of charge imbalance. Otherwise, the replace-
ment cation could not come into the matrix totally. It does not
only result in the appearance of a new phase but also affects
the luminescent property of materials. Therefore, charge com-
pensation is needed on this condition.**! If Eu** substitutes
for In3*, the radius of Eu3™ is 0.107 nm, which differs from
that of In** (0.080 nm).?>?* Thereby, some Eu’* ions are
assumed to substitute for Sr>* (0.118 nm).222* The different
radii between Sr’* and Eu®* create a distortion in the crystal
structure, which may lead to a negative influence on the lu-
minescence of phosphor. Therefore, whether Eu* substitutes
for M>* (M = Ca, Sr) or In**, the charge compensation may be
used. However, to our knowledge, there are few reports about
the charge balance in the SrInyO4:Eu’* phosphor being used
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for a white LED.

In order to broaden absorption and improve luminescent
property of SrInyO4:Eu’*, in this paper, Sr;_,_,InyO4:xEu’+
xA* (A=Li, Na, K), Srl,x,yln204:xEu3+, and ySm>* phos-
phors are synthesized by a high temperature solid-state
method, and the effect of AT and Sm3* on the luminescent

property of Srln,O4:Eu" is investigated.

2. Experiment

A series of Sri_InyO4xEu", Sri_,_yInpOg:xEu®*
ySm>*, Sri_,_InpOy4:xEut, and xA* (A =Li, Na, K) phos-
phors are synthesized by high temperature solid-state reac-
tions in air. The raw materials SrCO3, In, O3, Euy O3, Sm,O3,
Li,CO3, Na;COs3, and K>COj3 (all materials are of analytical
grade) are weighed with an appropriate stoichiometric ratio,
then blended and milled thoroughly in an agate mortar for 1 h.
The mixed powders are put into an alumina crucible and cal-
cined in a muffle furnace at 550 °C for 6 h, and then sintered
at 1200 °C for 12 h. Finally, the samples are cooled down to
room temperature and ground thoroughly again into powders.
Moreover, the samples are sieved under the same conditions to
ensure a similar particle size distribution.

The product is characterized by powder X-ray diffraction
(XRD) (D/max-rA, CuKe, 40 kV, 100 mA, A = 0.15406 nm).
The excitation and emission spectra of the samples are
recorded by using a Hitachi F-4600 fluorescence spectropho-
tometer equipped with a 450-W Xe lamp. The measurements
are performed at room temperature.

3. Results and discussion
3.1. Crystal structure

The XRD patterns for all the samples are measured, and
a similar diffraction pattern is observed for each sample. The
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Fig. 1. XRD patterns of SrgogIny04:0.02Sm>*, Srg9Iny04:0.1Eu’t,

and SrgggInyO4:0.1Eu?t, 0.02Sm>* with standard data of SrIn,Oy
(JCPDS No. 33-1336).
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>

unchanged diffraction pattern indicates that a small amount
of Eu** ions has no influence on the crystal structure of
SrInyO4. As an example, figure 1 shows the XRD patterns of
0.02Sm**, 0.1Eu*, and 0.1Eu?*/0.02 Sm>*-doped SrIn, Oy,
respectively. The diffraction peak position of the sample is
consistent with JCPDS (Joint Committee of Powder Diffrac-
tion Standard) card No. 33-1336 for SrIn,O4. This means that
the crystalline structure of SrInyO4 cannot be influenced by
a small amount of impurities. Srln,O4 has an orthorhombic
crystal structure with a space group of Pnam (62), and the
lattice parameters are a = 0.9830 nm, b = 1.1496 nm, and
¢ =10.3269 nm.

3.2. Luminescent property of SrInyO4:Eu3*

The emission spectra of SrInyO4:Eu3t with different
Eu’*-doped content are measured upon 395-nm radiation ex-
citation, and the excitation spectra of SrIn,O4:Eut are mea-
sured by monitoring 619-nm emission. The results present
the same spectral profile for all samples. As an exam-
ple, figure 2 depicts the emission and excitation spectra of
SrInyO4:0.1Eut. It shows many emission lines which cor-
respond to the transition from the 5D0,172 excited states to
the F; ground states of Eu", such as °D, —7F3 (515 nm),
Dy —=’F; (540 nm), °D; —’F, (559 nm), °Dy —’F;
(590 nm), °Dy —’F, (619 nm), Dy —’F3 (656 nm), and
>Dy —7F4 (692 nm).['!1 The strongest emission is located at
619 nm in respect that Eu>* occupies the site without inversion
symmetry. The excitation spectrum comprises a broad band in
the range of 200 nm—300 nm which corresponds to the O?~—
Eu3t charge transfer band, and two narrow lines, in the region
of 300 nm—400 nm, are located at 341 nm and 395 nm, origi-
nating from the "Fy —°Dy and "Fy —’Lg transitions of Eu’*,
respectively.!!] However, SrIn,O4:Eu?* has low absorption in
the region of n-UV (400 nm—405 nm).
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Fig. 2. Emission and excitation spectra of StIny 04:0.1Eu3t (Aex =
395 nm).
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3.3. Effect of A* (A = Li, Na, K) on the luminescent prop-
erty of SrlnpO4:Eu3t

The radius of Eu* (rg, = 0.107 nm) is higher than that
of In3* (r, = 0.080 nm) and is close to that of S©2t (rg; =
0.118 nm). For SrInyO4:Eu’*, if In** ion is replaced by Eu*
ion, Sr’>* may be replaced by a part of Eu3* ions due to the dif-
ference in the radii of Eu** and In3* [2224 If an Eu* ion en-
ters the host crystal lattice and preferentially substitutes for an
Sr>* ion, this may induce a charge imbalance and lattice dis-
tortion, then lead to point defects in the structure which would
increase the non-radiative process that results in the reduction
of luminescence intensity. Because the luminescent properties
of phosphors arise from the complex interaction among host
structure, activators, defects, and interfaces, charge compen-
sation is needed. For Sri_,InyO4:xEu3T, the incorporation of
alkali metal ions AT (A=Li, Na, K) might offset the charge
imbalance which is generated by Eu**t substitution for Sr’*,
thus reducing the lattice distortion and enhancing the lumines-
cent intensity.

Figure 3 presents the X-ray diffraction patterns of
Sr99Iny04:0.1Eu3™ and Srgglny04:0.1Eu3t, 0.14 (A =Li,
Na, K). For SrIn,O4:Eut, AT (R=Li, Na, K), two Sr2T ions
are substituted by one Eu’" ion and one A™ ion, expressed
523!

2Srg, — Eug, + Ag;..

The results show that the peak positions and intensity of
all samples agree well with the JCPDS standard card (No. 33-
1336) of SrIn,O4 crystal. This means that co-doped A™ does
not cause significant change in the host lattice structure. How-
ever, when co-doped with AT, the diffraction peak positions
of the samples shift, which is attributable to the alkali metal
ions substituting for Sr>* ions in the host lattice.[*>! The radii
of K™ (rg = 0.138 nm) and Na™ (rn, = 0.124 nm) are larger
than those of Sr?*, which results in a smaller angle shift
of the peaks in the XRD patterns. Also, the radius of Lit
(r1; = 0.082 nm) is smaller than that of Sr>*, which leads to a

larger angle shift of the diffraction peaks.>°!
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Fig. 3. XRD patterns of Eu3*, A* (A=Li, Na, K) co-doped SrIny Oy,
with standard data of SrIn,O4 (JCPDS No. 33-1336).

Sr0'91n204:0.1Eu3+ and SI‘o‘gIn204ZO.1Eu3+, O.lA+
phosphors are excited by 395-nm radiation excitation and
show the same spectral profile. As an example, figure 4 shows
the emission spectra of SrogIny04:0.1Eu>™, 0.1A%. Its lumi-
nescent intensity is stronger than that of Sro,gln204:0.1Eu3+
phosphor; in other words, the luminescent intensity of
Srg.9In,04:0.1Eu* phosphor can be effectively enhanced by
the charge compensation A", and co-doped Na™t presents the
optimal effect. The radius of Na™ ion is close to that of Sr>+
ions. When 2Sr** is replaced by one Eu** ion and one Na*
ion, the change in crystal structure and lattice parameters of
Sro.8Iny04:0.1Eu*, 0.1Na™ would be very small. In con-
trast, with co-doped Li* or K™ ions, larger lattice distortion
would be induced in the host lattice. Therefore, Na™ ion might
be the optimal charge compensation for Srp.9Inp04:0.1Eu3*
phosphor.
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Fig. 4. The emission spectra of Srg gIny04:0.1Eu>*, 0.14" (A=Li, Na,
K) and Srg 9Iny04:0.1Eu’ (Aex = 395 nm).

The dependence of the red emission intensity is located
at 619 nm on the Eu?* concentration (x) in Srq_,InyO4:xEu3t
and Sri_,_,In,O4:xEut, xAT (A=Li, Na, K) is shown in
Fig. 5. All three types of alkali metal ions enhance the lumi-
nescence of the phosphors, and the highest emission intensity
can be obtained by co-doping Nat ion. Moreover, the en-
hancement of the emission intensity is very limited with a low
concentration of Eu3t, which can be assigned to the fact that
less charge imbalance forms during the substitution of Sr>* by
Eu3t when the concentration of Eu3™ is low, and the effect of

the charge compensation is limited.[**]
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Fig. 5. The emission intensity of Sry_,  InyO4:xEu’", xA* (A=Li,
Na, K) and Srj_InyO4:xEu®" as a function of the charge compensa-
tion content (Aex = 395 nm).

3.4. Effect of Sm*" on the luminescent property of
SrInyO4:Eudt
The ionic radii of Eu* and Sm3* (0.108 nm) are similar
to that of Sr>*, but considerably larger than that of In**. If
only Eu** or Sm3* is introduced to Sr,InO4, and substitutes
for Sr*t, the charge balance must be considered. However, in
co-doped Eu?*/Sm3*, the charge loss in the lattice SroInQOy is
probably compensated by Sr>* vacancies (Vs;) and the mode
can be described as'*!
Euy03 — 2Eug, + 308 + V/S/rv

Smy03 — 2Sm$, + 307 + V4.

Under the different radiation excitation (Aex = 395, 400,
and 405 nm), Sro.95In>04:0.02Sm>* and Srg 9InyO4:0.1Eu’+
present the characteristic transition emission of Sm** and
Eu’", respectively, but their luminescent intensities are differ-
ent with the different radiation excitation. In order to compare
the SrpogIny04:0.02Sm>t to SrpoInyO4:0.1Eu3T, the same
spectral region of two phosphors is adopted (for emission,
500 nm-700 nm; for excitation, 200 nm—450 nm).

Figure 6(a) shows that Sr.9Iny04:0.1Eut has several
emission peaks in the region of 500 nm—700 nm which origi-
nate from the typical 5D071,2 —7F; transition of Eu3*. It can
be excited by 341 nm and 395 nm, but has a low absorption
in the region of 400 nm—405 nm. Figure 6(b) shows that
Sr.08In204:0.02Sm>* has three orange-red emission bands,
which are attributed to transitions from *Gs /2 excited state to
SHyr jo(y7—s,7,0) ground states of Sm>*. The strongest emission
is located at 607 nm, which corresponds to the *Gs, —°Hy
typical transition of Sm>*. The other emission peaks are at
561 nm and 650 nm and are attributed to the *Gs /2 —OH; 2
and *Gs 2 —%H, /2 transitions of Sm3*, respectively. Its exci-
tation spectra comprise a broad band in the range of 200 nm—
300 nm corresponding to the O>~"—Sm>* charge transfer band,

and some narrow lines located in the region of 300 nm-
450 nm, 322 nm, and 410 nm which can be ascribed to
the ®Hs, —*K;7/, and ®Hs, —*K;, transitions of Sm>*,
respectively.””] However, it cannot be effectively excited by
the 395-nm—400-nm n-UV light.
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Fig. 6. (color online) Emission and excitation spectra of

Srg.0Iny04:0.1Eu3T (a) and Sr.9gIny04:0.02Sm3" (b).

SrInyO4:Eu’" has low absorption in the region of
400 nm—405 nm. However, as shown in Fig. 7, for Eu>*/Sm3+
co-doped SrIn,Qy4, the characteristic transition emission of
Eu* can be significantly observed under three different lev-
els of radiation excitation. For 405-nm radiation, which is the
strongest excitation of the ®Hs, —*K |/, transition of Sm**,
the *Gs 2 —%H, /2 (607 nm) characteristic emission of Sm3+
can also be found.?8! However, SrIn,O4:0.1Eu3*, 0.02Sm>*
presents nearly the same emission band as SrInyO4:0.1Eu*
under the 395-nm and 400-nm radiation excitations, and does
not have the characteristic emission of Sm>*. This means
some of the excited Sm3* ions act as sensitizers to transfer
energy to Eu* ions, and Eu3* ions are sensitized to show the

3+ 129301 Ag a result, the domi-

characteristic emission of Eu
nant emission in the spectrum is the emission of the Dy —’F,
transition of Eu3T. Monitored at 619-nm emission, the ex-
citation band is strengthened and broadened in the region of
400 nm—405 nm.
of SrInyO4:Eu’t is adjusted by adding a small amount of
Sm3*t. A new excitation band (400 nm—405 nm) can be ob-

served in the excitation spectrum of SrInyO4:Eu’™, Sm’T,

In other words, the excitation spectrum

which provides an additional excitation possibility in the re-
gion of 400 nm—405 nm. This is the same as the results
with Sm3**/Eu?* co-doped TiO,, and Sm>* acts as a bridge
to transfer energy from the host to Eu?* ions.3!l The excita-
tion band of Eu** ions is found to be dominant in the excita-
tion spectrum of SrInyO4:Eu*, Sm3*. This means the energy
transfer from Sm3* to Eu** occurs in the lattice. More de-
tailed information on the energy transfer mechanism between
the different ions can be found in Refs. [31]-[34].
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Fig. 7. (color online) Emission and excitation spectra of

Sto.83In,04:0.1Eu3t, 0.02Sm>".

Figure 8 shows the dependence of the Eu3* emission in-
tensity (for 619 nm) of Sro,g_yln204:0.1Eu3+, ySm3+ on the
molar concentration of Sm3™ (y = 0-0.03), and Eu’™ mo-
lar concentration is 0.1. It shows that the emission inten-
sity first increases with the increase of Sm** doping content,
reaches a maximum at 0.02 mol Sm>3*, and then decreases. For
Eu’*/Sm3* co-doping SrIn; Oy, the Eu*t emission intensity
can be enhanced and the absorption band can be strengthened
and broadened. This means that the energy transfer between
Eu3t and Sm?*t occurs, and leads to an obvious increase of
Eu’" emission intensity. However, co-doped Sm>* may re-
duce the distance of the activators in the host lattice, which can
encourage the non-radiative transition, and result in a slight
decrease of Eu’* emission intensity. Moreover, the probability
that the optical excitation gets trapped in defects or impurity
sites increases, which strengthens the process of non-radiative
relaxation during the energy migration.[*>-3 So there is an op-
timal Sm3*-doped content: 0.02 mol.

—a— )\, =395 nm
—o— )\ =400 nm
—— Ao =405 nm

Relative intensity/arb. units

0 1 2 3
Sm?*+ concentration/mol%

Fig. 8. Emission intensity of Srolg,yln204:0.lEu3+, ySm3* (y=0,
0.005, 0.01, 0.015, 0.02, 0.025, 0.3) (Aex = 395, 400, and 405 nm).

4. Conclusions

SrIny O4:Eut, SrIny,O4:Eu’t, Sm3*, and Srln,O4:Eu’T,
AT (A=Li, Na, K) are synthesized by a high temperature
solid-state reaction. The emission intensity of SrIny, O4:Eut
can be significantly enhanced by the charge compensation A+

(A=Li, Na, K), and Na™ is demonstrated to be the best one
because its ion radius is similar to that of Sr>*. The lumi-
nescent properties of Eu** in SrIn,O4 can be adjusted by co-
doping Sm>T. Its emission intensity can be enhanced and is
maximized at 0.02-mol Sm3*, and its absorption of n-UV can
be extended (in the region of 400 nm—405 nm) and strength-
ened. These results indicate that SrInyO4:Eu’™, Sm>* may
be a promising red emitting phosphor for n-UV-based white
LEDs.
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