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ABSTRACT: In this Study, Mg®* and Ba®" act to enhance the
maximum emission of Sr, 4,5105:0.03Eu’" significantly and redshift
the emission band to the orange-red region in
Sr2<97_x_yngBaySi05:0.03Eu2*. Size mismatch between the host
and the doped cations tunes the photoluminescence spectra shift
systematically. A slight blue shift when increasing the amount of
Mg** occurs in the Sr,q,_,Eu,;Mg,SiO lattices, and a rapid red
shift occurs when Ba®* is codoped in the Sty 57-,Eu,03Mgo 4Ba,SiOs
lattices. The emission spectra were tuned from 585 to 601 nm by
changing the concentration of Ba**. Accordingly, we propose the
underlying mechanisms of the changes in the photoluminescence
properties by adjusting the cation composition of phosphors. The
influence of the size mismatch on the thermal quenching is also
observed. This mechanism could be widely applied to oxide
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materials and could be useful in tuning the photoluminescence properties, which are sensitive to local coordination environment.

The emission bands of Sry9;_,._,

Eug 0;Mg,Ba,SiO; show the blue shift with increasing temperature, which could be described in

terms of back tunneling of the excited electrons from the low-energy excited state to the high-energy excited state. Thus, the
St2.97-x-yBU0,03Mg,Ba,SiO5 phosphors could have potential applications in the daylight LEDs or warm white LEDs.

1. INTRODUCTION

White light-emitting diodes (LEDs) are considered to be next-
generation solid-state lighting systems because of their excellent
properties such as high luminous efficiency, energy saving, long
lifetime, and lack of toxic mercury. They are the ideal
replacement of conventional incandescent and fluorescent
lamps in the near future. White LEDs can be fabricated by
modulating the lights from red, green, and blue color-emitting
LED chips or by combining color-converting phosphors with
LEDs (pc-LEDs)."” There are three types of pc-LEDs;*™> a
blue-emitting LED (InGaN) coated with a yellow phosphor
(Ce**-doped (Y,Gd);(AL,Ga);O;, (YAG:Ce®)) is the most
common one due to a low fabrication cost and high
luminescence efficiency.®” Nevertheless, the obtained white
light shows a cool white with a color temperature of about 5000
K, which is due not only to the lack of emission in the red
component, further resulting in an inferior white light
compared to incandescent bulbs, but also to the lack of
thermal stability at elevated temperatures during white LED
operation when pumped by a blue LED chip. These are
significant obstacles to overcome before achieving the transition
to solid-state lighting. White LEDs using a near-ultraviolet (n-
UV) LED (350—420 nm) with three primary color emissions
mixed with three individual red, green, and blue-emitting
phosphors have been investigated to improve the color
rendering index value.¥? Accordingly, the eventual performance
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of white LED-based devices strongly depends on the
luminescence properties of the phosphor used.'”'! Therefore
the researches on phosphors excitable by the n-UV light are
rapidly increasing and have become one of the hot research
topics in the phosphor community.'*"?

The Sr;SiO5:Eu”* phosphor emits a yellow light and has been
attracting a lot attention due to the application in white LEDs.
The combination of the UV LEDs, SrySiOg:Eu*, and other
color-emitting phosphors yields superior luminous efficiency
and high color stability."* Up to now, Sr;SiOs:Eu®* studies have
focused on the effect of Eu** concentration,"’ various fluxing
agents,16 and so on.'”7** However, the color rendering of as-
prepared SrySiOg:Eu®* is not perfectly satisfactory for white
LED applications because its emission lacks the high efficiency
and longer wavelength emission that are needed. Consequently,
another purpose is to enhance the red emission component to
meet the needs of warm-white LEDs. Shen et al. reported a
phosphor of Ba?*-codoped Sr;SiOs:Ce®*, Li*.>® The research
implies that Ba®* plays a significant role in enhancing the red-
emitting component in the emission band. Yet, the mechanism
of the emission shift has not been reasonably explained. In this
Work, we synthesized a series of Sr, 47, Eugo3Mg,Ba,SiOs (x,
y = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) compounds sintered at 1400—
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1500 °C, investigated the photoluminescence properties and
the thermal stability of those compounds, and then explained
the mechanism of emission shift due to the introduction of
Mg** and Ba’* into Sr,,Si04:0.03Eu*". Besides, the work of
adding a trace of P, Ge, and Al and replacing Si with K and Y as
charge compensation was conducted, and the related effect on
thermal stability was presented.

2. EXPERIMENTAL METHODS

All raw materials were purchased from Topstar except SiO,,
and were used without further treatment. The typical synthetic
procedure is shown as follows. The appropriate stoichiometric
mixture of SrCO; (99.99%), SiO, (99.8%), MgO (99.99%),
BaCO; (99.99%), and Eu,0; (99.99%) was weighted and
mixed thoroughly using ethanol as a solvent. Then the powder
was annealed at 1400—1500 °C for 4 h in a corundum crucible
with the atmosphere of N,/H, = 95:5%. The as-prepared
samples were cooled to the room temperature naturally and
were orange in body color with sporadic yellow-green spots,
possibly from Sr,Si0,:Eu*’, in the surface. After discarding the
top layer of the nongrinded products, the interior of the
samples shows uniform orange without yellow-green spots, and
eventually, the uniform orange samples required were obtained.

The crystal structures of the synthesized samples were
identified by using a Rigaku D/Max-2400 X-ray diffractometer
(XRD) with Ni-filtered Cu Ka radiation. The photo-
luminescence (PL), photoluminescence excitation (PLE), and
temperature-dependent photoluminescence spectra of the
samples were measured using an FLS-920T fluorescence
spectrophotometer equipped with a 450 W Xe light source
and double excitation monochromators. All of the measure-
ments were performed at room temperature. Thermal
quenching was tested using a heating apparatus (TAP-02) in
combination with PL equipment.

3. RESULTS AND DISCUSSION

The XRD patterns of the Sr, ¢,Eu,03SiOs, Sr, 57Eug,03Mg4Si0s,
and Sr, ,Eug0;Mg,4Bag,SiOs phosphors synthesized by the
solid-state reaction methods are shown in Figure 1. The as-
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Figure 1. (a) The XRD patterns of the as-prepared samples
St.97E10035105,  St3.57E110,03Mg04Si0s, and Sty 17Eu,03Mgo4Bag 4SiOs,
sintered at 1450 °C. (b) The detailed XRD patterns ranging from
29.5° to 32.5° for the samples Sr,g;Eu3SiOs, Sr,s7Eug03Mgg4SiOs,
and Sr, 1,Eu,0;Mg4Ba 4SiOs, sintered at 1450 °C.

prepared phosphors form a pure Sr;SiOg phase, which are well
indexed to JCPDF card no. 26—0984. Figure 1b shows the
detailed XRD patterns from 29.5° to 32.5°. Since the radius of
Mg*" is smaller than that of Sr**, with the doping of Mg*', the
diffraction peaks of the Sr, 5;Eu, ;Mg 4SiO5 phosphor show an
obvious shift to larger 26 angles compared to that of the pure
Sr,.97Eu435105. In addition, the strong and sharp diffraction
peaks indicate that the Sr, 5;Eug ;Mg 4SiOs phosphor is highly
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crystallized, which benefits the luminescence perfomance.*®

However, the radius of Ba®" is bigger than that of Mg®" and
Sr**, and the diffraction peaks shift to smaller 26 angles when
Ba®" is doped into Sr, 5;_,Eug03Mg,4Ba,SiOs. Finally, the peaks
of the Sr, ,Eugo3Mg 4Bag 4SiO5 phosphor are located between
that of the Sr,q,Eu;(;SiO5 phosphor and that of the
Sr, 57Eu ;Mg 4SiO5 phosphor. The surplus Mg series and Ba
series of the powder XRDs are shown in Supporting
Information, Figures S1 and S2.

Figure 2a shows the emission spectra of Sr,g¢,Eu;(3SiOs,
Sty 57Eu03Mg4Si0s, and Sr, ,EuggsMgp 4Bag4SiOs. All sam-
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Figure 2. (a) The room-temperature PL spectra of Sr,g;Eu;SiOs,
Sr, s7Bu0,03Mg0 45105, and Sr, 1,Eu,03Mg, 4Ba, 4,SiOs, excited at 400 nm.
(b,c) The relative PLE spectra of Sr,q,_,Eugo3Mg,SiOs (x = 0.1, 0.2,
0.3, 0.4, 0.5, 0.6) and St 7, Bugo;Mgo,Ba,SiOs (y = 0.1, 0.2, 03, 0.4,
0.5, 0.6), monitored at 585 nm and the separate maximum emission
wavelength. (d,e) The relative room-temperature PL spectra of
Sr3.97-+Eug03sMg,SiOs and Sr, 5;_,Eug 03Mgo4Ba,SiO;, excited at 400
nm.

ples present a broad-band emission originated from the Sd—4f
transition of Eu®* due to the strong coupling of the 5d electron
with the host lattice. The full width at half-maximum (FWHM)
of the Mg series and Ba series has progressively broadened
compared to that of Sr,g,Eu3SiOs. Sry s7Eug03Mgg4SiOs
exhibits stronger emission intensity from 500 to 750 nm than
that of Sr,¢;Eu,;Si0s, which is due to the better crystallinity
(seen in Figure 1). The relative PLE spectra of
S12.97-4E003Mg,SiOs and  Sr, 57, Eug 03Mgo4Ba,SiO5  cover
from UV to blue light, as shown in Figure 2b,c, respectively.
The relative PL spectra of Sr, o, _,Eu¢;Mg,SiOj slightly shift to
a shorter wavelength when the amount of Mg2+ increases,
which is consistent with the observation of the PLE spectra, as
shown in Figure 2d. Conversely, Figure 2e presents that the PL
spectra have a rapid redshift from 585 to 601 nm, and
concentration quenching occurs when the Ba?* concentration is
beyond 0.4. The reasons of the spectra shift could be explained
by the following mechanism.

In the Sryg;_,,Eue;Mg,Ba SiOs structure, the [EuO4]'"
octahedral neighbors with the [MgO¢]'%, [SrO4]'*", or
[BaOg]'"~ octahedrals by linking to the [SiO,]*" tetrahedral.
From the point of view of reference 27, the photoluminescence
property significantly interrelates with local coordination
environment.
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Figure 3. The crystal structure of the Sro, . ,Eug;Mg,Ba,SiOs phosphors; the detailed Eu®* crystal site environments: (a) the [MgOg4]'"~
octahedral neighbors with the [EuO4]'"” octahedral, (b) the [SrO]'*” octahedral neighbors with the [EuOg4]'™ octahedral, and (c) the [BaO4]'"~
octahedral neighbors with the [EuOg4]'” octahedral by linking to the [SiO,]*" tetrahedral.

As shown in Figure 3(a), the [MgO4]'"" octahedral
neighbors with the [EuO4]'"” octahedral by linking to the
distorted [SiO,]*" tetrahedral. This is because the radius of
Mg?* is smaller than that of Sr**, thus the [MgO4]'~
octahedral lattice shrinks compared with the original
[SrO4]"°” octahedral, the condition preferably leading to the
neighboring [EuO4]'"” octahedral lattice expansion. Con-
sequently, the length of the Eu—O bond becomes longer,
which gives rise to the weaker nephelauxetic effect and the
lower crystal field splitting of 5d orbitals,”® and then causes a
blueshift of the Mg series emission bands. Furthermore, the
symmetry is decreased with the introduction of the doping ions
and affects the preferential orientation of a Eu*" d orbital, so
that the Eu*emission shifts to a longer wavelength.”
Eventually, as a comprehensive result of the three factors, it
is found that the emission bands shift slightly to a shorter
wavelength region, as shown in Figure 2d.

As shown in Figure 3b, the [SrO¢]'"” octahedral neighbors
with the [EuOg]'"" octahedral by linking to the distorted
[SiO,]*" tetrahedral. In this condition, even though Mg2+ and
Ba®* are introduced into Sr,,,Si05:0.03Eu®’, the crystal
environment of Eu®* in St5.97—x—yEU0,03Mg,Ba SiOg should be
also similar to that in Sr,4,Si04:0.03Eu®>" on the local scale.*
Thereby, the two PL spectra of Eu** in both Sr,4,SiO; and
S1597-4-,Mg,Ba,SiO; are similar.

As shown in Figure 3¢, the [BaO4]'"” octahedral neighbors
with the [EuO4]'"" octahedral by linking to the distorted
[Si0O,]* tetrahedral. This case is different; the radius of Ba®* is
larger than that of Sr**, and the [BaOg4]'" octahedral induces
lattice expansion, which leads to the neighboring [EuO]'*~
octahedral lattice shrink. The length of the Eu—O bond
becomes shorter, enhances the nephelauxetic effect, and
enlarges the crystal field splitting of Sd orbitals of Eu®'.
Identically, the symmetry is also decreased with the
introduction of the doping ions and affects the preferential
orientation of a Eu** d orbital, so that the Eu**emission shifts to
a longer wavelength. Eventually, the three factors all result in
the redshift of the emission peaks. In this Work, we can observe
an obvious redshift in Figure 2e. Besides the above three causes,
the Stokes shift is also an impartment factor that influences the
spectra shift.

A comprehensive understanding of the thermal quenching of
phosphors used in LEDs is indispensable because high-power
LEDs suffer from thermal problems. Numerous investigations
have discussed the thermal quenching behaviors.>' ™ Two
competing factors prevail; one is the activation energy of
nonradiative relaxation, and the other is the rate of temper-
ature-induced direct tunneling, which prevents emissive
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transition between the different activator ions excited state
and the ground state in host.¢

The temperature-dependent PL spectra of Sr,¢,Eu;SiOs,
Sr, s7Eug03Mg 4SiOs, and Sr, ,Eu, ;Mg 4Bag 4SiOs excited at
400 nm are shown in Figure 4a,b,c, respectively. The thermal
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Figure 4. The PL spectra of (a) Sr,¢,Bug¢3SiO5, (b)
Sty 57Eug 0sMgo4Si0s, and  (c) Sry 17Bug,03Mgo4Bag4SiOs  phosphors
under various temperatures. (d) The dependence of normalized PL
intensities on temperature for phosphors, excited at 400 nm.

quenching behavior of photoluminescence is measured from 20
to 230 °C. The emission intensities of all samples gradually
decline. The emission intensity of Sr,g;Eu¢;SiOg decreases
faster with increasing temperature than that of
Sty 17Eu4 03Mgo 4Bay4SiO0s, while much more slowly than that
of Sr,;Bugg3Mg4SiOs. It indicates that the doping of Ba®*
makes a contribution to the thermal stability, but the doping of
Mg** brings the opposite result. It can be explained by the
configurational coordinate diagram in Figure 5. The curve g is
the ground state of Eu*". The curves e, e, and e, are the
excited states of the Eu?* of the [EuOg4]'°" octahedral
neighboring with the [SrO¢]'"", [MgO¢]'", and [BaOg4]'"~
octahedrals, respectively. AR is the departure from the ground
state to the excited states along the R axis. A, B, and C are the
crossing points of g and ey, e,, and e, respectively. F, G, and E
are the lowest positions of the e}, e,, and e; curves, respectively.
AE,, AE,, and AE; are the energy differences of F to A, G to B,
and E to C, respectively. In our Experiment, the concentration
of Eu*" is quite low (1%), and thus the distance between Eu®"
and Eu®" is larger. To simplify the question, we assume the Eu*"
is noninteracting. Under blue or UV light, the electrons are
excited to the excited states from g to e}, e,, and e;. At the room
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Figure S. The configurational coordinate diagram of the ground state
of Eu** and the excited states of Eu®" located in the three different
crystal environments.

temperature, most of the electrons return to the ground state
along ways @, @, and @. But with the increasing of temperature,
more electrons return to the ground along ways @, ®, and ®
from the crossing points A, B, and C due to the electron—
phonon coupling. In our Experiment, the doping of the Mg**
and Ba®* greatly changes the crystal field and the nephelauxetic
effect, then affects the position of the crossing points A, B, and
C of the ground state and excited states; furthermore the
doping determines the value of AE. According to the results of
the thermal properties in our Experiment, the mechanism of
the thermal quenching is illustrated in Figure S; the crossing
point B is located below the crossing point A, and the crossing
point C is above the crossing point A, that is, AE; > AE; >
AE,. Therefore, the doping of Ba®" is beneficial to the thermal
properties, and the doping of Mg** is not.

The FWHMs of the three samples are widened with
increasing temperature, and this widening can be interpreted
by using the Boltzmann distribution according to the following
equations:g'7

FWHM(T) = W, /coth(h—w)
2kT (1)

W, = V81In2 (hw)~/S ()

where W, is the FWHM at 0 °C, hw is the energy of the lattice
vibration that interacts with the electronic transitions, S is the
Huang—Rhys—Pekar parameter, and k is the Boltzmann
constant (k = 8.629 X 1075 eV). It is assumed that hw is the

same for the 4f ground state and the 4f°5d excited state of
Eu®. As the temperature increases, the thermally activated
luminescent center strongly interacts with the thermally active
phonon, the population density of phonon is increased, the
electron—phonon interaction is dominant, and consequently
the FWHMs of emission spectrum are broadened.”®™*°
Meanwhile, the peak positions of emission spectra blueshift
with the increasing temperature. At 20 and 230 °C, for the
Sr, 97Eu(,3S105 compound, the peak positions of emission
spectra are about 585 and 575 nm, respectively; for the
Sty 57Eu003Mg4SiOs compound, the peak positions are also
about 585 and 575 nm, respectively; and for the
Sty 17Eu403Mgo 4Bay4SiO5 compound, the peak positions are
about 600 and 586 nm, respectively. To account for this
observation, consider that thermally active phonon-assisted
tunneling from the excited states of low-energy emission band
to the excited states of high-energy emission band in the
configuration coordinate diagram occurs.***' The phosphor
S15.97-4-yEU0,03Mg,Ba,SiOg has two different cation sites in the
lattice, Sr(I) and Sr(II), and results in two emission bands:
Eu(I) and Eu(II). Hence, the PL spectra of
S15.97-x-yEU003Mg,Ba,SiO; are composed of two emission
bands: Eu(I) of shorter wavelength emission and Eu(II) of
longer wavelength emission. As the Sr(I) and Sr(II) sites are
both 6-coordinated with similar local coordination environ-
ments, two emission bands of Eu(I) and Eu(II) are similar,
resulting in a single overlap emission band in the emission
spectra. Two emission bands (Eu(I) and Eu(Il)) arise from
different minima on the potential energy surface of relaxed
excited state, as given in reference 41. At the low temperature,
the barrier (Eu(I) to Eu(Il)) is overcome, and the low-energy
emission (Eu(I)) is dominant. At the higher temperature, the
thermal back-transfer over the barrier (Eu(II) to Eu(I)) is
possible, and consequently the higher energy emission (Eu(I))
is strengthened. Thus, the blueshift behavior is observed with
the increasing temperature in our Work. Besides, the work of
adding a trace of P, Ge, and Al to replace the Si element, with
K, Y as charge compensation was conducted, and the related
effect on thermal stability was presented clearly in Table 1. The
PL spectra of surplus samples under various temperatures are
shown in Supporting Information (Figures $3—S6). Compared
to Sr,97Eu4,03S105, the thermal stability of Sr, s;Eu03Mgg4SiO5
declines, but that of Sr,,Eu, ;Mg 4Bag4SiO; rapidly rises. On
the basis of the Sr, ;,Eu,03sMg, 4Ba, 4Si0O5 compound, with trace
Ge substituting for Si and P—K substituting for Si—Sr, the
thermal stabilities of samples are lightly enhanced. But, with
trace Al-Y or Al-La substituting for Si—Sr, the thermal
stabilities of samples worsen.

Table 1. Percentage of Temperature-Dependent Emission Intensities

Eu Eu, Mg Eu, Mg, Ba Eu, Mg, Ba, K-P Eu, Mg, Ba, Y—AI Eu, Mg, Ba, La—Al Eu, Mg, Ba, Ge

20 100% 100% 100% 100% 100% 100% 100%

S0 96.31% 96.02% 93.00% 92.26% 91.07% 94.42% 96.79%

80 93.64% 94.42% 87.00% 86.01% 84.00% 88.63% 92.98%
110 90.47% 90.69% 84.54% 82.24% 76.89 82.14% 89.78%
140 81.86% 77.61% 80.99% 78.94% 71.56% 72.85% 88.08%

170 63.91% 60.25% 77.56% 78.65% 66.87% 61.93% 82.59%
200 43.10% 39.50% 68.70% 72.84% 58.32% 46.91% 73.68%
230 25.95% 21.78% 54.39% 58.97% 44.83% 30.57% 57.33%
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4. CONCLUSION

In summary, a simple solid-state route was adopted to prepare a
series of oxide phosphors, Sr;g;_. Eug0;Mg,Ba,SiOs (%9 =
0.1, 0.2, 0.3, 0.4, 0.5, 0.6), which could be used to tune the
photoluminescence properties and thermal stability in the
related size-mismatched cation-substituted phosphors. The PLE
spectra span the UV to blue region, and the PL spectra show an
orange-red emission. By the various crystal environments in the
S1597-4-yBU0,03Mg,Ba,SiO;  structure, we try to explain the
mechanisms of emission shift via adjusting the cation
composition of phosphors. The emission peaks of
S1597-4—,EU0,03Mg,Ba SiOg should have been influenced by
the following factors: the nephelauxetic effect, the crystal field
environment, the preferential orientation of the Eu** d orbitals,
and the Stokes shift. Studies have shown that the introduction
of a certain amount of Mg and Ba or trace amounts of P, K, Ge,
Al, 'Y, La could improve thermal stability. On the basis of these
results, the orange-red emitting phosphors
S15.97-4-yEU0,03Mg,Ba,SiO; could have potential application in
blue or n-UV LEDs.
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The surplus Mg series and Ba series of powder X-ray
diffractions and the PL spectra of surplus samples under
various temperatures are shown in Supporting Information.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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