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A series of Sr;MgSi;O7:Tb3t nanophosphors is prepared using a high-temperature solid-state reaction. The x-ray
diffraction patterns show that the crystal structure of the sample is not significantly affected by Tb>* ions. However,
the images of the scanning electron microscope illustrate that the average size of nanoparticles becomes larger with the
increase of Tb>* concentration. Unlike earlier investigations on down-conversion emission of Tb3* ion excited by deep
ultraviolet light, in this work, the photoluminescence characteristics of Sr,MgSi;O7 nanophosphors doped with different
Tb3+ concentrations are analyzed under 374-nm excitations. The intense green emission at 545 nm is observed at an optimal
doping concentration of 1.6 mol%. The main reason for the concentration quenching is due to the electric dipole—electric

dipole interaction among Tb3* ions.

Keywords: Sr;MgSi;O7:Tb>" nanophosphor, green emission, 374-nm excitation, electric dipole—electric

dipole interaction
PACS: 32.30.Jc, 61.82.Rx

1. Introduction

The electrons occupied in outer shell of trivalent ter-
bium ion is 4f85s?5p® electrons, and thus the spectrum pro-
duced by f—f transition of Tb>" ion is a sort of atom-like
spectrum due to the shielding effect of double closed shells
5525p®. In addition, Tb>* ion also has abundant energy levels
and a broad emission range from ultraviolet to infrared be-
cause of the large orbital angular momentum / = 3. There-
fore, trivalent terbium ion is an excellent down-conversion
active ion and attracts more and more attention.!'®! For ex-
ample, dos Santos et al. prepared Tb3*-doped low silica
calcium aluminosilicate glasses and analyzed their lumines-
cence properties;’! Gao et al. synthesized ZnyGeOy4:Tb3*
nanophosphors and studied their photoluminescence (PL)
characteristics under a deep ultraviolet (DUV) excitation at
265 nm. ¥ In particular, they also discussed the energy transfer
mechanism from Zn,GeOy host to Tb>* ion. Although some
existing matrix materials, for instance, KSr(Cd,Y)(POy),"!
Ca3Al,SigO1g, 1111 BiOCL 1?1 Y, 03,[13-161 MgAI-NO;, 7]
B-PbF, glass-ceramics,[lg] Ba,Si04,[1%2% ¢fc; are all excel-
lent hosts for Tb* ion, their optimal excitation wavelengths
are in the deep ultraviolet (200 nm—280 nm) region. As is
well known, the semiconductor chips in DUV region are very
expensive, which is undoubtedly unconducive to wider appli-
cations of nanophosphor-doped Tb>* ion in the field of light-
emitting diode (LED) illumination. So it is important to ex-
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plore some new host materials used to dope Tb>* ion in or-
der to extend the excitation wavelength toward a long wave-
length. The SryMgSi»O7 is of a typical pyrosilicate crystal
structure belonging to the tetragonal system, especially it has
stable chemical and physical properties and lower phonon en-
ergy. Therefore, Sr,MgSi»O7 has attracted more and more in-
terest and attention in recent years.>!'=2*! For example, Tsha-
balala et al. synthesized Sr,MgSi,O7:Tb**, Eu’* co-doped
phosphor and realized simultaneously the blue and green emis-
sions from Tb>t ions and the red emission from Eu3"T ions,
eventually resulting in the white emission;!>>! Sahu prepared
Sr;MgSi,07:Dy** and SroMgSi,07:Dy>*, R (R = Li, Na and
K) and observed near white light emission, moreover, the PL
intensity was obviously enhanced through incorporating al-
kali metal as charge compensator ions.?®) Wang et al. syn-
thesized SroMgSi,07:Ce’*, Tb>* and proved that the phos-
phor is promising candidate for WLED.!?’ Most of previous
researches choosing Sro,MgSi;O7 as hosts, however, focused
mainly on the long afterglow luminescence materials.[?8-30]
Few researches were involved with the investigating PL char-
acteristics of Sr,MgSi,O7:Tb** nanophosphor, particularly
under a longer wavelength excitation.

In this work, we prepare a series of Sr;MgSi,O7:Tb>*
nanophosphors through using the high-temperature solid-state
reaction. The crystal structures and morphologies of represen-
tative samples are analyzed by x-ray diffraction (XRD) and
scanning electron microscope (SEM). The results show that
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the crystal structure is not significantly affected by Tb* ions.
However, the average size of nanoparticles becomes larger
with the increase of Tb** concentration. The intense green
emission at 545 nm is observed under a near ultraviolet (NUV)
excitation at 374 nm, indicating that the price of semicon-
ductor chips used for pumping can be significantly lowered
once the excitation wavelength is selected in NUV region in-
stead in DUV region. The PL characteristics of SroMgSi;O7
nanophosphors doped under different Th®>* concentrations are
investigated and the optimal concentration is 1.6 mol%. The
mechanism of concentration quenching is analyzed and driven
mainly by the electric dipole—electric dipole interaction. It is
predictable that Sr;MgSi;O7:Tb>* nanophosphor can play a
more important role in fields of special lighting, WLED, and
SO on.

2. Experimental details

A series of SroMgSi>O7:Tb3* nanophosphors were pre-
pared by high-temperature solid-state reaction. The raw ma-
terials include MgO, SrCO3, SiO;, Tb,O3 and they are all
analytical reagents (AR). All raw materials were weighed,
mixed, fully ground, and placed into a corundum crucible.
The heating rate of the high-temperature furnace was set to be
20 °C/min and the reaction of mixture raw materials was kept
for 180 min at 1300 °C in air environment. The stoichiometric
ratio was chose to be (1—0.05 —x)Sr,MgSiyO7:xTb>* (x =0,
0.2,0.4,0.6,0.8,1.0,1.2,1.4, 1.6, 1.8, 2.0, and 2.2 mol%) and
the chemical reaction equation in the preparation process is

MgO + 2SrCO; +28i0; — Sr,MgSi,07 +2C0, 1. (1)

Note that 5-mol% boric acid with a function of fusion agent
was additionally mixed into the raw materials of every sample
to make the reaction more thorough.

Figure 1 illustrates the x-ray diffraction patterns of
Sr;MgSi;07:xTb** nanophosphors measured by XRD-6000
(Shimadzu Corporation, Japan). The radiation source is Cu
Kol and its wavelength is 0.154178 nm. The scan speed and
scan range were set to be 2 °/min and 10°-80°, respectively. It
can be found from Fig. 1 that the main diffraction peaks of syn-
thesized SryMgSi;O7 matrix powder are basically consistent
with those in the standard card (PFD#75-1736). There were no
new diffraction peaks appearing when Tb3* ions were doped
into the matrix. However, some diffraction peaks gradually
weakened or even disappeared (e.g., peaks at 31.34°, 39.46°,
and 45.39°), whereas others (at 25.0°, 30.4°, 35.3°, and 44.1°)
become stronger with the increase of Tb3* concentration, im-
plying that the incorporation of terbium ions improves the
crystal quality of Sr;MgSi,O7:Tb*>* nanophosphors.

The morphologies of Sr;MgSi>»O7:Tb3* nanophosphors
were characterized by SU8000 SEM (Hitachi, Japan), and
the results are shown in Fig. 2. Figure 2(a) refers to the

SroMgSip O7 matrix and figures 2(b)—2(d) show the nanophos-
phors doped with 0.6-, 1.0-, and 1.6-mol% terbium ions, re-
spectively. It can be seen that the morphologies of nanoparti-
cles are all spherical and the distributions of the particle sizes
are shown in the insets of Fig. 2. It can be seen that there ex-
ist the gaps in Figs. 2(c) and 2(d) because the few particles
are chosen in order to make the morphology of nanophosphor
clearer and more visual. The average sizes in Figs. 2(a)-2(d)
are different and they are 28, 46, 68, and 84 nm in turn, imply-
ing that the particle size of the nanophosphor gets larger with
the Tb3* doping concentration increasing. And the above re-
sult is consistent with XRD diffraction patterns according to

the following Debye—Scherer formulal3!!
kA
Dt = —2— 2
= B os6’ @)

where Dy represents the grain diameter, k is the Scherer con-
stant (about 0.89), A, B, and 6 denote the x-ray wavelength,
the full width at half maximum (FWHM) of the diffraction
peak, and the diffraction angle, respectively. It can be seen
from Fig. 1 that the higher the doping concentration, the nar-
rower the FWHM of the diffraction peak is. In other words, the
B value becomes smaller with the Tb3*+ concentration increas-
ing and therefore the grain diameter Dy, of Sr;MgSi>O7:Tb3+
nanophosphor turns larger as indicated from Eq. (2).
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Fig. 1. XRD patterns of SrgMgSi207:Tb3+.

Fig. 2. SEM images of SrzMgSi207:Tb3+.
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3. Results and discussion

The excitation spectrum (green line) and emission spec-
tra (fill area under curve with violet) of SlrzMgSizO7:1.6Tb3+
nanophosphor are measured using F4600 Fluorescence Spec-
trmeter (Hitachi, Japan), and the results are shown in Fig. 3.
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Fig. 3. Excitation and emission spectra of Sr,MgSi»O7:1.6Tb** nanophos-
phor.

It can be found from Fig. 3 that there exist four intense
excitation peaks at 245, 352, 374, and 483 nm, respectively,
when the monitored wavelength is chosen to be 545 nm. What
needs explaining is that the Break from 263 nm to 300 nm at
the transverse axis is to avoid the influence of the harmonic
wave generated from the monitored wavelength. Although
the optimal excitation wavelength for obtaining the strongest
green emission is 245 nm, the wavelength is in the deep ul-
traviolet region. It is known that the semiconductor chip of
LED in DUV region is very expensive, and hence the price
of LED product applying trivalent terbium as the active ion
will be very high if 245 nm is selected as the excitation wave-
length. Fortunately, for our Sr;MgSi;O7:Tb>* nanophosphor,
the second-best excitation wavelength is 374 nm and, com-
pared with DUV 245 nm, it extends for about 130 nm toward
a long wavelength. Furthermore, the peak intensity at 374 nm
is about 82% of that at 245 nm. Therefore, we can predict that
the strong green emission from SrzMgSi207:Tb3+ nanophos-
phor can also be gained under 374-nm excitation. Especially,
the cost of semiconductor chips of LED used as excitation
sources will be lowered significantly.

We can also know from the emission spectra in Fig. 3
that there exist six PL peaks at 415, 437, 490, 545, 585, and
624 nm. All the center wavelengths of PL peaks are the same
even under different excitations, but the intensities excited
by 245 nm are more intense than those pumped by 374 nm,
which coincides with the excitation spectrum in Fig. 3. The
sketch map of levels and transitions of Tb>* ion under 245-
nm and 373-nm excitations, respectively, is shown in Fig. 4,
and the peaks correspond respectively to transitions of Tb3*
ions’D3 —7Fs, S D3 —7Fa, D4 —7Fs, "Dy —F4, °Dy —'F3,

and °D4 —F,. Thereinto, the green emission at 545 nm is the
strongest, followed by the 490-nm blue emission. We need to
emphasize here that the reason for the spectra at 490-nm and
585-nm bands to be split lies in the influence of the crystal
field on Tb3* ions, leading the energy levels of Tb>T ions to
be split.
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=} =) a =} =) a =}
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Fig. 4. Sketch map of levels and transitions of Tb>* ion under 245-nm or
374-nm excitations nanophosphors.
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Fig. 5. Changes of PL intensities with varied Tb>* doping concentration.

Photos in Fig. 3 demonstrate that the PL intensity of the
Sr;MgSi;07:1.6Tb** nanophosphor pumped by 245 nm is a
little stronger than that of the same sample pumped by 374 nm.
Such a situation coincides with the measurement result of the
excitation spectrum, i.e., the excitation peak in DUV region is
higher than that in NUV region. It should be noted that there
are white-light areas in the photos. The main reason is that
the emissions in those areas are too intense, resulting in the
overexposure and saturation of the camera (Canon EOS 60D,
Japan). In fact, the intense green emissions can still be ob-
served by naked eyes from the so-called white-light areas in
nanophosphor samples. Figure 5 shows that the PL intensi-
ties of all emission peaks vary with Tb3* doping concentra-
tion and the optimal concentration is 1.6 mol%. It can also be
seen from Fig. 5 and the inset of Fig. 6 that there exist clear
fluctuations. The main reasons lie in some errors appear in-

evitably in the preparation and measurement process although

123201-3
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we try our best to ensure the uniformity in the experiments. on
the other hand, the optimal Tb3* concentrations in the various
hosts may take different forms, that is, single peak or double

32,33

peaks.3233] The two factors result in the fluctuations of curves

as shown in Figs. 5 and 6.
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Fig. 6. Decay curves of different emissions of SrzMgSi207:Tb3Jr nanophos-

phor.

Six decay curves corresponding to different spontaneous
radiations of Sr,MgSiO7:1.6Tb>* nanophosphor are shown
in Fig. 6. It can be known that the decay rates of 415-
nm and 437-nm emissions are obviously faster than those of
490, 545, 585, and 624 nm, indicating that the lifetime of
D; energy level is shorter than that of Dy energy level (see
Fig. 4). After further fitting the decay curves of six emis-
sion peaks, it is found that they belong to biexponential de-
cay functions, thatis, I = Iy +A; exp(—t/71) +Azexp(—t/ 1),
where 1) = [4.55,4.44,5.46,5.78,5.69,5.89] ms and 1, =
[5.35,5.62,6.54,6.43,6.37,6.02] ms corresponding respec-
tively to 415-, 437-, 490-, 545-, 585-, and 624-nm emission
peaks. The inset in Fig. 6 shows changes of the lifetime corre-
sponding to the 545-nm green emission of Sr;MgSi,O7:xTb>*+
nanophosphor with Tb>* doping concentration and its range is
in [6.24, 6.63] ms. For the SrzMgSizO7:1.6Tb3Jr nanophos-
phor with the optimal doping concentration, however, the
value is not the longest but the second-shortest, which is worth
investigating and exploring in depth in the future study.

According to Blasse theory,3*! the critical distance R, for
energy transfer can be expressed as the following formula:

13
Re~ [ 3V } , 3)

dnax.Z
where x. denotes the critical concentration, V is the volume
of unit cell, and Z refers to the number of chemical units
in the unit cell. For SroMgSi,O7:Tb>* nanophosphor, V =
0.402 nm? and Z = 2, and thus R. = 0.602 nm. Therefore, the
nonradiative energy transfer among Tb* ions belongs to the

electric multipole—electric multipole interaction because R, is
larger than the critical interaction distance R.9p = 0.5 nm. In

other words, the electric multipole interaction will get stronger
with the increase of the concentration, resulting in the decrease
of PL intensity. Furthermore, the reason for the concentration
quenching of Sr;MgSi,O7:Tb*>* nanophosphor can be further
analyzed based on Zhang’s theory, that is, the relationship
between the luminescent intensity / and the concentration x

obeys the following expression: 3]
1 k I ~5/3
- W ~ kxR, “4)

where k and B are the constants, S is an electric multipole
index and it represents the electric dipole—electric dipole in-
teraction, the electric dipole—electric quadrupole interaction,
and the electric quadrupole—electric quadrupole interaction for
S =2, 4, and 6, respectively. Considering ﬁxs/ 3> 1, equa-
tion (4) can be rewritten as a linear equation with dual loga-
rithm coordinates. Figure 7 illustrates the 1g(I/x) ~ Ig(x) fit-
ting curve of 545-nm green emission under 374-nm excitation
and the slope is about —1.847. Hence S = 5.54 is closer to 6,
implying that the quenching mechanism of Sr,MgSi>O7:Tb3*+
nanophosphors is the electrical dipole—electric dipole interac-
tion of the luminescent centers under 374-nm excitation.

3.4
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3.2

lg(I/x)

3.1

3oLt 11
0.35 0.39

0.19 0.23 027 0.31
lg(z)

Fig. 7. The lg(I /x)-lg(x) fitting curve of Sro,MgSi,07:Tb>* phosphor.

4. Conclusion

In this work, a series of SrzMgSizO7:Tb3+ nanophos-
phors is prepared by a high temperature solid-state reaction.
The crystal structures and morphologies of representative sam-
ples are analyzed using XRD and SEM. And the results show
that the main diffraction peaks of Sr,MgSi,O7 matrix are ba-
sically consistent with those in the standard card, especially
the crystal quality of Sro,MgSi,O7:Tb3* powder is improved
through the incorporation of Tb3* ions. It can be found from
the SEM images that Sr,MgSi,O7:Tb>T nanoparticles possess
all spherical structures and the average grain size becomes
larger with the Tb3* ion concentration increasing. The ex-
citation spectrum shows that 374 nm is also an ideal excitation
wavelength and the strong green emission at 545 nm is ob-
served under 374-nm excitation. In addition, other PL peaks
including 382, 415, 437, 490, 585, and 624 nm can also be
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obtained at an optimal doping concentration of 1.6 mol%. The

measurement results of decay curves indicate that the lifetime

of °Dj3 energy level is shorter than that of "Dy energy level.
The concentration quenching of the samples prepared in our

work is because of the electrical dipole—electric dipole inter-

action of the luminescent centers.
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