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ABSTRACT: The resistance of a luminescent material to thermal
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will occupy preferentially Sr(2) sites partially due to size match. As

the concentration increases, more Bi** ions start to occupy the Sr(1) sites. This can be verified by the distinct changes of
emission intensity ratio of Bi(2) to Bi(1). As environment temperature increases, the thermal quenching happens, but it can be
suppressed by the Bi*" concentration increase. This becomes even more pronounced in Bi** heavily doped sample as we
decompose the broad emission band into separated Bi(1) and Bi(2) Gaussian peaks. For the sample, the Bi(1) emission at ~660
nm even shows antithermal-quenching particularly at higher temperatures. This phenomenon is accompanied by the blue shift of
the overall emission band and almost no changes of lifetimes. A mechanism is proposed due to volume expansion of the unit cell,
the increase of Bi(1) content, and temperature dependent energy transfer between Bi(2) and Bi(1). This work helps us better
understand the complex luminescent behavior of Bi?* doped materials, and it will be helpful to design in the future the heavily
doped phosphor for WLEDs with even better resistance to thermal quenching.

1. INTRODUCTION multiple light-converting phosphors.””'*'* In the scheme, the

Primarily due to the overwhelming advantages as compared to
either incandescent or fluorescent lightings such as higher
luminous efficiency, longer lifetime, smaller size, and energy
saving, white light LEDs (WLEDs)'™* have been recognized as
the next generation of lighting sources. Lighting world 2013
predicts LEDs will continue dominating the lighting market
through 2018, thanks to falling prices, government influences,
as well as increasing efficiency. So far, they have found wide
applications in domestic and commercial lighting, display

chip and the phosphors are two key components, and they
determine the eventual performance of the device. In order to
produce WLED with warm perception, high color rendering
ability, and full color gamut, currently it is still a crucial point to
search a red phosphor which can efliciently convert blue or
near-ultraviolet (NUV) lights into red, since the (In,Ga)N LED
chip in the design can emit lights with wavelengths in either
blue (~450—480 nm) or NUV (~380—420 nm) ranges."> "

technologies, agriculture, medical science, and recently Li-Fi (a
new technique of indoor optical wireless communication with
incoherent LED lights).>~"

At present, phosphor-converted (pc-)WLEDs are one of the
most prominent approaches to generate white light. It is usually
based on the combination of a single LED chip with one or
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Much interest has been focused on rare earth (RE)-based

doping schemes, such as Eu

1 20-2
nitrides.2%72°

2+

doped oxynitrides or
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Recently, we have tried a different new approach which is
based on nonrare earth and found that bismuth as stabilized in
its divalent form in some crystals can emit orange or red lights
under the excitation of blue or NUV. Consequently, certain
Bi®* doped alkaline earth borates®*’ sulfates,® phos-
phates,®*° and borophosphates® have been reported as
promising candidates for red phosphor. Among these,
phosphates are considered as one of the suitable hosts for
phosphors due to its impressive physical and chemical
stability.>* For a phosphor in WLED, first priority is that it
should absorb the lights emitted from the LED chip and then
convert them into desirable wavelengths. Particularly for the
phosphor which applies to NUV chips, it will be ideal that it can
fully absorb all the lights from the chips, and it can guarantee
no leakage of ultraviolet lights. Otherwise, when the lamp was
used, long time exposure of a human to the leaked ultraviolet
lights would cause serious consequences, such as raising the risk
of skin cancer.>® To increase the sample absorbance, one of the
natural solutions is to increase the concentration of activator in
the sample according to Lambert’s law.>* This usually leads to
the concentration or even severe thermal quenching. The trade-
off has to be balanced between the concentration and the
quenching.

It has been noticed that, as high power WLED works, the
temperature of the layer deposited on the chip can rise to more
than 150 °C, which comes from the heat rouse from the p—n
junction and the phosphor layer.> This inspires us to
investigate the resistance of the luminescence from the
phosphor candidate to the thermal impact, since the thermal
stability is a vital factor to the WLEDs for their application. So
far there have been no reports on high temperature luminescent
properties of Bi** doped phosphors, e.g., Sr,P,0,:Bi*".
Normally at higher temperature, as the concentration of
activator increases, thermal quenching becomes more prom-
inent, which is reflected by the drastic reduction of both
photoluminescence (PL) intensity and lifetime. One of the
vivid instances is YAG:Ce by Meijerink et al.*® There have been
few reports on suppression of thermal quenching by the
increase of dopant concentration.

In this paper, we will report an exception on this in the
phosphor Sr,P,0,:Bi**. We will employ different types of
instrumentations such as X-ray diffraction, Rietveld refining,
static and dynamic excitation, emission spectra and lifetimes at
lower temperature (10 to 300 K) and higher temperature (300
to S00 K), etc. to illustrate the phenomenon and unravel the
nature of it. The mechanism will be discussed at the end on
how the antithermal quenching occurs especially for the
emission center of Bi(1) in the heavily doped samples.

2. EXPERIMENTAL SECTION

2.1. Sample Synthesis. Doped and undoped samples of
Sty(1-yP20-:24Bi (x = 0, 0.001, 0.003, 0.003, 0.01, 0.02, 0.03, and
0.05) were synthesized by conventional solid state reactions at high
temperatures. The starting materials were analytical grade reagents
SrCO;, NH,H,PO,, and Bi,0;. The mixtures were preheated at S00
°C for 6 h in air to slowly decompose the ammonium dihydrogen
phosphates. This can prevent foaming in consequent calcinations.
After thorough grinding, the samples were sintered at 1100 °C for 24 h
in air. In order to promote the reduction of bismuth from trivalent to
divalent bismuth, the samgles were annealed at 1100 °C for 1 hin a
reducing CO atmosphere.>!

2.2. Characterization. The phase purity of all samples was
checked by X-ray diffraction (XRD, Rigaku D/max-IIIA, Cu Ka
radiation, 40 kV, 40 mA, 12° min™!, 1 = 1.5405 A) at room
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temperature. Excitation and emission spectra as well as decay curves
were measured by a high-resolution spectrofluorometer (Edinburgh
FLS 920) equipped with a red-sensitive photomultiplier (Hamamatsu
R928P) at 10—300 K (in a closed cycle helium cryostat) and 300—500
K (in a high-temperature cell). Excitation curves were corrected over
the lamp intensity with a silicon photodiode, and the emission curves
were corrected from the PMT spectral response.

3. RESULTS AND DISCUSSION

3.1. Phase Identification of Sr,P,0,:Bi**. XRD results
show all samples are single phase of Sr,P,0,. Figure 1 shows
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Figure 1. XRD pattern of Sry(;_yP,0,:24Bi (x = 0, 0.001, and 0.01)
and the diffraction peaks of Sr,P,0, from Jade 5.0 PDF #13-0194
included at the bottom of the figure for reference.

for instance the XRD patterns for undoped and bismuth doped
samples of Sry(;_P,0,:2aBi (x = 0, 0.001, and 0.01). They are
consistent with the diffraction peaks of Sr,P,0, derived from
Jade 5.0, which are enclosed for reference in the figure. Rietveld
refining reveals all samples crystallized in the orthorhombic
system with space group Pnma. The refining also produces the
lattice parameters a = 8.9168(3) A, b = 5.4005(4) A, ¢ =
13.1665(4) A for the sample x = 0, and a = 8.9298(7) A, b =
5.4016(9) A, ¢ = 13.1808(1) A for the sample x = 0.005, and a
= 8.9405(3) A, b = 54126(1) A, ¢ = 13.1864(2) A for the
sample x = 0.01. The parameters increase as bismuth content x
increases. This agrees with the shift of the diffraction peaks
toward lower angle and it should be due to the successful
substitution of bismuth for strontium as the inset of Figure 1
shows. It at the same time means the radius of Bi**, which has
never been reported so far, should be a little larger than Sr** in
same coordination fleld. We can get the hint from the
comparison between Bi* and Sr** radii which are 1.808 and
1.31 A, respectively, with coordination number of 9.*7%*

Refining shows there are two distinct Sr** lattice sites in the
compound, both of which are coordinated by nine oxygen
atoms. The average bond length for Sr—O is 2.7214 and 2.6794
A for Sr(1) and Sr(2), respectively. Calculation based on the
dielectric chemical bond theory indicates the mean chemical
bond covalency f. is 0.1209 for Sr(1)—O and 0.121S for Sr(2)—
O, respectively.

3.2. Photoluminescence of Sr,P,0,:Bi>* at Room
Temperature. Figure 2 depicts the emission spectra of
Sr,P,0.:Bi** samples for different Bi concentrations at room
temperature. Upon the excitation at 272 nm, a broad emission
was observed spanning from 600 to 800 nm and peaking at
~698 nm with a fwhm (full width at half-maximum) of more
than 1069 cm™, which is due to the transition of *P5,,(1) —
’P,/, of the divalent bismuth ions. The emission intensity is
intensified by about two times as the content of bismuth x
increases from 0.001 to 0.01. It is quenched by about three
times as x continues increasing from 0.01 to 0.05. This means
the optimal Bi** concentration as 0.01 in Sr,P,0.: Bi*".
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Figure 2. Emission spectra of Sry_,)P,0;:2xBi (x = 0.001, 0.003,
0.005, 0.01, 0.03, and 0.05) under the excitation of 272 nm.

To well understand the quenching mechanism, we calculated
the critical distance R for the energy transfer in Sr,P,0,:Bi** at
the critical concentration x, with®

R, = 3/6V/(7xN) (1)

where N is the number of strontium sites in unit cell and V'
represents the cell volume. The value of N and V can be
obtained from phase data of crystallographic structure analysis.
Here x. = 1.0%, N = 4, V = 544 A, R_is, thus, estimated to be as
high as 29.6 A. Generally, the nonradiative energy transfer may
result from multipolar interaction and possibly exchange
mechanisms at short distances. However, in this work, the
value of R is much larger than the typical critical distance for
the exchange interaction (about 5 A).** This means that the
concentration quenching behavior can be attributed to the
nonradiative electric multipolar interaction or defect centers
which could appear at higher concentrations.

The possibility of multipolar energy transfer mechanism can
be written as the following equation given by Van Uitert:*'

I=X[k/(1 + plx/x)0"*)] )

where k and S are constants; the emission intensity I is
dependent on concentration x; x'. = 1.0% is the critical
concentration; and the value of 8 could be 6, 8, or 10, which
represents electric dipole—dipole, dipole—quadrupole, and
quadrupole—quadrupole interaction, respectively. Fitting the
integrated emission intensity vs the concentration x with eq 2
by taking @ = 6, 8, or 10 produces the correlation coefliciency of
98.9%, 94.7%, or 80.6%, respectively. The fittings are illustrated
as Figure 3 along with the experimental results. So, these imply
that the electric dipole—dipole interaction might dominate the
quenching process of Bi** photoluminescence in Sr,P,0,:Bi*".
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Figure 3. Dependence of Bi** concentration on emission intensity in
Sr,P,0,:Bi. Fitting the dependence by eq 2 with € = 6, 8, and 10,
produces the red curves in (a), (b), and (c), respectively. The fitting
parameters are (a) k = 210 + 35.12, f = 1.15 + 0.32, 0 = 6, Ry =
98.9%; (b) k = 179 % 303, f = 1.67 + 0.53,0 = 8, R,, = 94.7%; (c) k=
146 + 28.1, f = 2.55 % 0.11, 0 = 10, R, = 80.6%.
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By inspecting Figure 2 carefully, we can find that, though the
peak position does not shift as x increases, the shape of the
peak changes from symmetry to asymmetry especially at higher
energy side. The peak can be well discomposed into two
Gaussian peaks at ~660 and ~698 nm. Monitoring the
emissions at these peaks leads to different excitation spectra as
in Figure 4. For the emission at ~698 nm, the excitation peaks
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Figure 4. Excitation spectra of Sry;_)P,07:2xBi (x = 0.001 and
0.005) monitored at the emissions at 660 (red lines) and 698 nm (blue
line) at room temperature.

were observed at 285, 446, and 648 nm, respectively. The peaks
keep unshifted as x changes. For the emission at ~660 nm, the
excitation peaks lie at 278, 430, and 633 nm when the content x
is lower, and they move to 280, 434, and 641 nm as x increases
to 0.05. The results show that these emissions should be from
different centers. On basis of crystallographic data, the emission
at ~660 nm can be assigned to Bi(1) which substitutes for
Sr(1) while the emission at ~698 nm is from Bi(2) residing at
Sr(2). The excitation peaks in the blue and red ranges are due
to the Bi’* transitions from *P,, to *P;,,(2) and *P,),(1),
respectively. The UV excitation peak used to be assigned to the
transition from *P,, to °S,,. However, recent calculation
shows it should come from the ground state to 6s6p> (*P) and
doublets of the configurations 6s6p?, 6s°6d, and 6s%6p.**

3.3. Site Occupancy Preference of Bi** lons in
Sr,P,0,:Bi**. When the temperature is lowered to 10 K, the
broad emission band of Bi** as shown in Figure 2 degrades into
two well-resolved peaks at ~660 and ~698 nm from the centers
of Bi(1) and Bi(2), respectively. The change has been
illustrated in Figure S, and it has been found in the samples
doped with different content of bismuth. As excitation goes into
450 nm (corresponding to Bi(2) absorption), besides the
expected Bi(2) emission at ~698 nm, the Bi(1) emission was
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Figure S. Emission spectra of Sry(;_P,05:2xBi (x = 0.001 and 0.01)
measured at 10 K upon the excitations at 450 and 436 nm,
respectively. Dotted curves are the Gaussian peak decomposition
results for the emission spectra corresponding to the excitation at 450
nm.
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observed at ~660 nm. This implies the possible energy transfer
from Bi(2) to Bi(1), and it can be evidenced further by the
excitation spectra at 10 K, which is depicted in Figure 6. The
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Figure 6. Excitation spectra of Sr,(;_,)P,0,:2xBi (x = 0.001 and 0.01)
by monitoring the emissions at 667 and 698 nm at 10 K, respectively.

excitation spectrum of the emission from Bi(1) at ~660 nm
consists of the excitation peaks at 270, 422, 463, 608, and 652
nm in the sample x = 0.01. Comparison to the excitation
spectrum of the emission at ~698 nm from Bi(2) shows that
the peaks at 463 and 652 nm are from Bi(2). Therefore, the
energy transfer happens from Bi(2) to Bi(1).

When the excitation was made by a shorter wavelength such
as 436 nm, the intensity of Bi(1) emission at ~660 nm is
intensified a little, but it is still much weaker than the emission
at ~698 nm from Bi(2). We notice that, for the sample x =
0.001, the intensity ratio of Bi(2) emission to Bi(1) emission is
about 34.16 upon the excitation plan of 450 nm, and the ratio
changes to 3.26 for the sample x = 0.01. This reveals two things.
One is that once Bi** ions are doped into the compound they
will not enter the two sites of Sr(1) and Sr(2) with the same
statistic possibility though they are similarly coordinated by
nine oxygen atoms. Since the critical concentration of Bi** is
~0.01 as mentioned above, the emission intensity is
approximately proportional to the content x of Bi*" as x is
less than 0.01. The much stronger Bi(2) emission in the sample
x = 0.001 means that Bi** ions will preferentially substitute for
Sr(2) rather than Sr(1). This perhaps is driven by the more
desirable size match between Bi** and Sr(2). The similarity in
the excitation spectra of the Bi(1) and Bi(2) emissions of the
sample x = 0.001 supports also the conclusion (see Figure 6)
that most of Bi** ions reside at the sites of Bi(2).

Another conclusion is that Bi** ions start to substitute for
Sr(1) sites as x increases. As a consequence, the emission
intensity from Bi(1) sites increases, and it leads to the
significant decrease of the intensity ratio of Bi(2) emission to
Bi(1) emission. Meanwhile, the excitation spectrum of the
Bi(1) 660 nm emission changes and the typical excitation peaks
show up due to the Bi(1) centers (see Figure 6).

3.4. Concentration Induced Antithermal Quenching
of the Bi** Emissions from Sr,P,0,:Bi** at a Lower
Temperature Range (10—300 K). Figure 7 shows the
emission spectra of Sry(;_,\P,0,:24Bi (x = 0.001 and 0.01) at
different temperatures which change between 10 and 300 K.
Generally speaking, as you can see from Figure 7, the intensity
of the emissions decreases upon the excitation at 450 nm as the
temperature increases. At the same time the Bi(1) emission at
~660 nm gradually immerges into the Bi(2) emission at ~698
nm, and the emission is thermally broadened (for instance for
the sample x=0.01, fwhm of the ~698 nm emission changes
from 31 to 60 nm when the temperature increases to 300 from

10 K) and it red shifts slightly. The slight redshift of the ~698
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Figure 7. Emission spectra of Sry(;_P,05:2xBi (x = 0.001 and 0.01)
measured at 10—300 K upon the excitation at 450 nm.

nm emission peak along with temperature is possibly due to the
enhanced interaction between Bi** ions and host. This is
reflected further by the increase of splitting energy between
*P;/5(1) and P ,(2). The splitting is 6707 cm ™" at 10 K, and it
increases to 6937 cm™! at 300 K (see Figure 8).

1.2
x=0.01
—~ 1.0} A,,=698nm
S —10K
S 08 ——50K
2 100K
2 06 150K
£ o4 400 450 500 oo
o Wavelength(nm) 300
2 0.2 j
S
] — N
e 0.0
300 400 500 600

Wavelength(nm)

Figure 8. Excitation spectra of Sry(;_P,0,:2xBi (x = 0.01) at different
temperatures by monitoring the emission at 698 nm in the
temperature range from 10 to 300 K.

As we decomposed the emission spectra into two Gaussian
peaks at ~660 and 698 nm, which correspond to Bi(1) and
Bi(2), respectively, and plotted the integrated intensity of each
peak against temperature, we noticed that, though the general
trend is decreasing for all the samples in the range of 10—300
K, the decrease rate is very different for the samples doped with
different Bi content. The decrease rate will be slowed as the
content x increases. Figure 9 exemplarily shows the direct
comparison between the samples x = 0.001 and 0.01. This
concentration-induced antithermal quenching has seldom been
noticed before.

3.5. Concentration Induced Antithermal Quenching
of the Bi** Emissions from Sr,P,0,:Bi** at a Higher
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Figure 9. Temperature dependence of integrated emission intensity of
Bi(1) and Bi(2) in Sry(;_P,0-:2xBi (x = 0.001, red dotted curves; x =
0.01, green dotted curves) between 10 and 500 K. Insets illustrate the
site occupancy preference of Bi*' in the cases of lower and higher
bismuth contents, respectively.
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Temperature Range (300—500 K). Normally, thermal
quenching becomes worse as the dopant content increases.
Our observation is obviously contradictory to this. The sample
with higher concentration exhibits a better thermal resistance
compared to the lower concentration sample. This becomes
more predominant at higher temperatures, and it can be
supported by Figure 10, which illustrates the emission spectra
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Figure 10. Emission spectra of Sry(;_,)P,0;:2xBi (x = 0.001 and 0.01)
upon the excitations at 420, 450, and 460 nm at the temperature
ranging from 300 to 500 K.

for Sr(;_,yP,0,:2xBi (x = 0.001 and 0.01) under the excitations
at 420, 450, and 460 nm recorded at the temperatures higher
than 300 K, respectively. As temperature increases from 300 to
500 K, the emission intensity of sample x = 0.001 decreases by
47.8%, and the intensity decreases by 27.1% for sample x = 0.01
upon the excitation of 450 nm. The quenching becomes also
lowered upon different blue excitations in the samples x
0.005, 0.01, and 0.05, respectively, when compared to the
sample x = 0.001 (see Figure 11). As further dividing the broad
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Figure 11. Temperature dependence of integrated emission intensity
of Sry;_yP,07:2xBi (x = 0.001, 0.005, 0.01, and 0.05) upon the
excitations at 420 and 460 nm at a temperature from 300 to 500 K.

emission into the Bi(1) and Bi(2) emissions at ~660 and 698
nm, respectively, by Gaussian peak splitting fitting, we plotted
the intensity dependence of the Bi(1) and Bi(2) emissions on
temperature and concentration in Figure 9. The rate of
intensity decrease along temperature becomes much slower at
higher content of Bi for different blue excitations (see Figure
10). This is applicable to the emission centers of Bi(1) and
Bi(2). As the temperature rises from 400 to S00 K, the emission
intensity of Bi(1) increases rather than decreases at the earlier
state for the sample x = 0.001, and it is even enhanced by more
than two times in sample x = 0.01 (see Figure 9). So the
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emission center of Bi(1) exhibits better resistance to thermal
impact than Bi(2).

Figure 12a,b depicts the luminescence decay curves of Bi(1)
and Bi(2) for Sty(1-4)P,07:2xBi (x = 0.001, 0.005, 0.01, and
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Figure 12. Luminescence decay curves for Sry(;_,)P,O,:2xBi (x =
0.001, 0.00S, 0.01, and 0.05): (a) 4., = 436, A, = 667 nm and (b) A, =
450, A, = 698 nm at 300 K. Temperature dependence of lifetime for
Sry(1-0P207:2xBi (x = 0.001, 0.00S, 0.01, and 0.05): (c) Ao, = 436, Aoy
= 667 nm and (d) 4., = 450, A, = 698 nm.

0.05) at different temperatures, and Figure 12c,d shows the
dependence of the lifetime of the Bi(1) and Bi(2) emissions on
temperature. As we can observe in Figure 12, for both Bi(1)
and Bi(2) sites, the decay time is temperature independent.
However, it varies as a function of Bi concentration. For the
Bi(1) site, the decay time varies in the range 9.0—11.5 us, while
for the Bi(2) site, the decay time varies in the range 8.0—9.0 us.

3.6. Mechanism for Concentration Induced Antither-
mal Quenching of the Bi** Emissions from Sr,P,0,:Bi*".
Contrary to the case at lower temperature (10—300 K), Bi**
emission shifts toward shorter wavelengths at higher temper-
ature (300—500 K, Figure 10). Though thermal quenching
occurs, it can be slowed once higher content of bismuth is
introduced into the samples. The effect of concentration on
antithermal quenching of the Bi** emission can be enhanced at
higher temperatures. In the following, we will try to elucidate
how all these phenomena happen.

Once bismuth is doped into the compound, it will
unavoidably experience the crystal field local oxygen atoms
around bismuth create. Since we have known that the naked
valence electrons of bismuth are very susceptible to the changes
of local field around bismuth,”*™>" the tiny changes of the field
will be directly reflected by the response of Bi** luminescence
to temperature or concentration. As temperature increases, the
coupling interaction between Bi** and matrix might be
strengthened by the enhanced vibration of the Bi—O bond,
and it also might be weakened by the elongation of Bi—O bond
length due to the expansion of the lattice cell. Whether the
overall interaction increases or not depends on the trade-off
between the Bi—O bond vibration and elongation. At lower
temperature which ranges from 10 to 300 K, the bond vibration
enhancement might dominate over the elongation. So, the
interaction will be enhanced as the temperature increases, and it
will lower the energy level of the first excited state of *P,(1).
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Therefore, as Figures 7 and 8 depict, the emission red shift was
observed along with the increase of the splitting energy
between *P;,(1) and *P;,(2).

At higher temperature range from 300 to 500 K, the bond
length elongation due to cell expansion might dominate over
the bond vibration. So, the crystal field will be weakened with
the increase of the temperature around bismuth. This might
partially contribute to the blue shift of the overall emission peak
(see Figure 10). Another aspect which leads to the emission
blueshift might be due to the energy transfer from Bi(2) to
Bi(1). The process can be promoted by the increase in either
temperature or concentration. It is also responsible for the
abnormal enhancement of Bi(1) at higher temperature and
higher concentration (see Figure 9). The energy transfer might
be the reason why the lifetime of Bi(1) emission is slightly
longer than Bi(2) for the same concentration of Bi doped
sample (see Figure 12).

Compared with other concentration samples, the temper-
ature quenching of the lowest concentration (x = 0.001) is
more pronounced. Other samples perform a better resistance
against thermal quenching. This may be attributed to the
increased contribution of Bi(1) type luminescent centers. As
discussed above, the energy will transfer, rather than quenching,
from Bi(2) to Bi(1) with temperature increased. For a lower
concentration, the Bi ion will be hardly incorporated into Sr(1).
So the energy will transfer less efficiently than that of a higher
concentration. That is, Bi(1) type luminescent centers will limit
the temperature quenching. Among all the compounds, the
sample under excitation at 436 nm with x = 0.005 presents the
best resistance against temperature quenching. The emission
intensity remains 78.7% of the maximum intensity when the
temperature rises from 300 to 500 K. The quenching
temperature Tsy, cannot be determined here due to the
experimental limitation. However, it should be far beyond 500
K as Figure 10 illustrates.

Figure 13 shows the temperature dependence of integrated
emission intensity for sample x = 0.005 under the excitation at

x=0.005
1.0+

0.8r

m  Experimental
—— Fit Curve

0.6

Relative Intensity(a.u.)

300 350 400 450 500
Temperature(K)

Figure 13. Temperature dependence of integrated emission intensity

of Sry(;_P,07:2xBi (x = 0.005) upon the excitation at 436 nm. The

red line is the fitting results by eq 3 with A = 174 + 15, AE = 0.310 +
0.039 eV, R, = 94.5%.

436 nm. According to the classical theory of thermal quenching,
the temperature-dependent PL intensity can be described by
the following equation:*

I(T) =1,/(1 + A exp(—AE/kT)) 3)

where I(T) is the intensity at temperature T, I, is the initial
intensity, A is the frequency factor which is the adjustable
parameter, k is the Boltzmann constant, and AE is the
activation energy for the thermal quenching process. As seen in
Figure 13, the experimental data are well fitted by eq 3. The AE
values are obtained to be 0.31 eV for excitation at 436 nm. The
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quenching can be understood in the framework of the
configurational coordination scheme. The luminescence might
be quenched by thermally activated crossover from the first
excited state of *Py;,(1) to the ground state *P,,,. This can
explain why the emission intensity is weakened. The slowing of
thermal quenching in the sample doped with a higher
concentration of bismuth might also be partially due to the
expansion of the unit cell along bismuth addition.

4. CONCLUSIONS

Unusual concentration induced antithermal quenching of
divalent bismuth ions was observed in Bi** heavily doped
Sr,P,0, phosphors along with the blueshift of the emission
peak at higher temperature. This is considered due to the unit
cell expansion, the increase of Bi (1) content, and the enhanced
energy transfer from Bi(2) to Bi(1). The phenomena have been
seldom reported, and they are very different from what general
thoughts should be on thermal quenching. As the bismuth
content is low, Bi*" ions will prefer incorporating into Sr(2)
rather than Sr(1) due to radius match, and they start to occupy
Sr(1) sites at higher content of bismuth. This leads to the quite
high quenching temperature (>500 K) in the heavily doped
sample. We believe this work is helpful to design the heavily
doped phosphor for WLEDs with better resistance to thermal
quenching and excitation light leakage, which will reduce the
risk to expose under unhealthy lights in the future.
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