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‘We synthesized a single-phase Sr,.Eu,SisNg phosphor using an ion transporter, Sr3.,Eu,(PO4)2, under atmospheric condition. This
is a simple yet efficient synthetic route to the Sry.,Eu,SisNgphosphor. The quantum efficiency of the phosphor is 90.7%, and the
absorption ratio of the excitation wavelength at 450 nm is 88.3%, even though the inexpensive and commercially available raw
materials are used without any pretreatment and are easy to handle in a normal atmosphere including oxygen and moisture. We
believe that this approach can be used to prepare other nitride-based phosphors, whose synthesis is currently challenging.
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White light-emitting diodes (WLEDs) were first developed
by Nichia, and these are fabricated by coating Y3;Als0,,:Ce’*
(YAG:Ce*"), a yellow emitting phosphor which conducted stud-
ies to enhance luminescence properties,! onto a blue-emitting In-
GaN chip. WLEDS of this type are characterized by a high cor-
related color temperature (CCT) of 4000-8000 K and a low color
rendering index (CRI) with an especially low R9 value. These
characteristics limit the applications of WLEDs to general light-
ing as well as LCD backlighting. The addition of red phos-
phors to packaged WLEDs has been suggested as a solution to
this problem.? Such phosphors include CaS:Eu**, M,SisNg:Eu**
(M = Ba, Sr, and Ca),®> Sr,Si;0,N,:Eu*** CaAlSiN;:Eu?*>
and K,SiFs:Mn*".% In addition, various other (oxy)nitride phos-
phOI'S as Ca1‘5Ba0,5$i5N603 IEU2+,7’8 Gd3Al3+xsi3,,(O]erxNQ,X ZC63+,9
LasSigN,;:Ce’t,'0 Lay_Ca,Si»03,<Njg_x:Eu?*!! for WLEDs have
been studied.

One of the first commercialized red phosphors was the
Sr,.,Eu,SisNg nitride phosphor, which was reported in 2005.'> The
crystal structure of M,SisNg (M = Ca, Sr, and Ba) was investigated
in 1995." Nitride phosphors such as Sr,Eu,SisNghave outstand-
ing thermochemical stability and excellent photoluminescence prop-
erties, such as high emission intensity, high conversion efficiency,
and very low thermal quenching. These outstanding properties result
from the characteristics of Si3N4, which is a stable, covalently bonded
material.'* Because of their stability, it is difficult to synthesize nitride
phosphors when silicon nitride is the main component of the phos-
phor structure, and high temperatures and pressures are required to
ensure complete reaction. Intense attempts have been made to synthe-
size single-phase nitride phosphors. In some cases, unstable starting
materials, such as metal nitrides that can easily react with moisture
and oxygen, are needed. To synthesize the Sr;,Eu,SisNgphosphor,
Sr’* and Eu?* ions must be substituted into the silicon nitride net-
work, a three-dimensional network composed of corner-sharing SiN,
tetrahedra. In addition, the nitride phosphor contains no oxygen.'>

An example of the solid-state reaction method, the most common
technique, is shown below.'®

(2 — )C) Sr3N2 + 3xEuN + 5513N4 — 3Sr2,XEuXSi5N8 + O.SXNZ

(1]

This method is suitable for obtaining high-purity nitride phos-
phors. However, this synthetic method requires a very carefully con-
trolled reaction environment. For example, the complete isolation of
the reaction mixture from the atmosphere is required. In addition,
the raw materials, such as Sr;N,, EuN, and a-Si3Ny, are sensitive to
oxygen and moisture. Thus, these commercially available materials
must be handled carefully in a purified-nitrogen-filled glove box. The

“E-mail: jsyoo@cau.ac.kr

gas-reduction nitridation (GRN) method, which excludes oxygen, is
shown in Eq. 2.1

(2 — x) Sr+ xEu + 5Si(NH), — Sr»_,Eu,SisNg + N, +5H,  [2]

The starting materials Si(NH), and EuN are sensitive to oxygen
and moisture and require the use of a glove box. In contrast, some
studies have shown that nitride phosphors can be synthesized from
starting materials that are not sensitive to moisture and oxygen. The
carbothermal reduction nitridation (CRN) method is shown in Eq. 3.7

(2 — x) StCO;3 + (5/3) SisNy + (x/2) Eus05 + 2C + N, —
Sr,_,Eu, SisNg + 3CO 1 (3]

The CRN method has been used to prepare the Sr;,Eu,SisNg
phosphor by heating a mixture of powdered SizN4, SrCO3, Eu, O3, and
C at 1500°C. The starting materials are inexpensive and insensitive
to moisture and oxygen. However, after reaction, unreacted carbon
remains, and this results in significantly lower luminescence of the
phosphors. To remove the residual carbon, heating the sample in an
oxygen-containing atmosphere is necessary. However, repeated heat-
treatment results in significantly reduced luminescence properties.
The gas pressure sintering (GPS) method, which is the most popular
commercial method is shown in Eq. 4."

25i3N4 + (4 — 2X) SI'CO3 + (x/2) EU203 — SI'Z,XEUXSENg
+ Srz_XEux SIO4 + 4C02 T [4]

In this method, the powder mixture is fired at 1600°C for 2 h
in nitrogen at 0.5 MPa using a gas-pressure sintering furnace with
a graphite heater. The synthesis method using high pressure is ad-
vantageous in that carbon powder is not used. However, it forms an
impurity phase, Sr,..Eu,SiO4. Overall, the four previous synthesis
methods tell us that two conditions are required for the synthesis of
nitride phosphors. First, the starting materials should be stable under
atmospheric conditions, including stability to oxygen and moisture.
Secondly, Sr and Eu, which will be combined with the SiN, network,
must be in a metallic or metal ion state during the high-temperature
reaction. Consequently, we investigated how the careful selection of
the starting materials can lead to the formation of a stable nitride host
crystal lattice.

In this study, for the synthesis of highly pure Eu**-doped stron-
tium silica nitride for use as a phosphor, the starting materials
were investigated. Furthermore, the synthetic route of Sr; Eu,SisNg
was also investigated by examining the reaction conditions, such
as temperature and flow rate. We believe that this study will help
to develop efficient and complete reaction routes for nitride-based
phosphors.
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Figure 1. The part of structure of Sr»SisNg, which is appearance of Sr com-
bined with coordinated nitrogen in SiN4 networks.

Experimental

The silicon source used in these all experiments is silicon ni-
tride, a-Si3N4(99.99%). Experiments using various strontium sources
were conducted to set up experimental control groups and identify
new synthesis routes for Sr, ,Eu,SisNg. The strontium sources used
in the experiments are SrCO; (99.99%), Sr3(PO,), (99.99%), and
Sr3..Eu,(POy),. In the case of SrCOs3, a typical CRN method was used
with a mixture of a-Si3N4(99.99%), Eu,03(99.99%), and a small
amount of carbon powder. Carbon powder was only used in experi-
ments using the CRN method. In contrast, in the experiments using
Sr;.Eu,(POy),, a-Si3Ny, and Eu,O3 were used with an excess of a-
Si3Ny. For Sr;.,Eu,(POy),, a stoichiometric mixture of SrCO;, Eu,03,
and NH4H,P04(99.99%) was fired in an alumina crucible at 1200°C
for 4 h under an N,/H, atmosphere. The raw materials according to
the specific composition were mixed in isopropyl alcohol (IPA) using
silicon nitride balls for 24 h. Then, the ball-milled powder mixtures
were loosely packed into carbon crucibles. No flux was added to the
mixtures. Each prepared mixture was calcined at 1500°C for 7 h in
a N»/H; (90:10) atmosphere to obtain Sr, ,Eu,SisNg. The value of x,
indicating the europium concentration, was fixed at 0.04. Then, exper-
iments were conducted for each experiment using Sr;_ ,Eu,(PO,), as
the starting material. The synthesis temperature was varied between
1400 and 1600°C in intervals of 50°C. The maximum temperature
holding time for all experiments was fixed at 7 h. Experiments were

Sio,

N SrO
(0.5N,)

(a)
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also performed to investigate the effect of the flow rate of hydrogen
gas. When hydrogen was omitted from the gas flow, the experiments
were conducted with nitrogen gas alone. The powders were mixed
stoichiometrically and ball milled in IPA. The prepared mixture was
placed in a carbon crucible and calcined at 1500°C for 7 h in an
N,/H,(90:10) atmosphere, yielding Sr,_,Eu,SisNg (x = 0.04). All pro-
cesses were carried out under normal atmospheric conditions in the
presence of moisture and oxygen.

The obtained samples were washed in warm water to remove any
residual materials. The synthesized phosphors were characterized by
powder X-ray diffraction (XRD, Bruker, New D8-Advance-AXS, 40
kV and 40 mA) using Cu K, radiation to identify the phase and crystal
structure. The photoluminescence emission (PL) and excitation (PLE)
spectra were recorded at room temperature using a photomultiplier
tube and xenon lamp (PSI, Korea). The absorption ratio and internal
quantum efficiency of the phosphor were obtained from the BaSO,
coated integrating sphere with a photomultiplier tube and xenon lamp
(PSI, Korea).

Results and Discussion

The Siz N, component, the main structural component in Sr,SisNg,
has a three-dimensional network structure composed of corner-sharing
SiNy tetrahedra. It has high chemical and thermal stability and excel-
lent mechanical properties because of the strong chemical bonds.
These characteristics are connected to the high thermal stability of the
nitride phosphor. However, its chemical stability makes the synthesis
of Si;N, difficult.’? Figure 1 shows the structure of Sr,SisNg, which
is reprinted from the literature.'® The two Sr ions are coordinated by
nitrogen atoms. In the Eu>*-doped Sr,SisNg phosphor, europium oc-
cupies the strontium sites. Because the ionic radius of the Eu?>* ion is
similar to that of the Sr’>* ion, one can reasonably assume that Eu?*
is statistically distributed over the two available Sr sites.'?

From an engineering point of view, the first step in synthesizing a
pure nitride phase is to suppress the possibility of impurity formation
through the phase diagram. This may be important in selecting start-
ing materials. Studies utilizing various sources of strontium for the
synthesis of pure nitride phosphors have been carried out to support
the importance of the starting materials mentioned above. Figure 2
shows the Sr-Si-(0)-N phase diagram, which has been reported previ-
ously and confirmed through both calculations and experiments using
the CRN method.'® The formation of impurity phases and metastable
phases, such as Sr,SiO;" and SrSi,O,N,,%° respectively, has also
been confirmed previously. Thus, it is difficult to obtain a pure phase
of Sr,SisNg using an oxide as a starting material. In addition, the

Si

N SrNs erz
(0.5N,)

SrN  Sr,N Sr

(b)

Figure 2. a. Experimental phase diagram of SrO-SiO;-N system determined using the CRN method. b. Simulated phase diagram of Sr-Si-N system in which

oxygen is excluded.
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Figure 3. Process diagram for the synthesis of a nitride phosphor using
Sr3.Eu,(PO4)s.

Sr,SisNg, SrSiN,,2! SrSigNg?? and SrSi;N;¢>? phases have been re-
ported to be formed commonly. As mentioned, high synthetic tem-
peratures are required to synthesize the Sr,SisNjg crystal phase, and
multiple phases are often formed. To prevent the formation of unde-
sirable phases such as SrSiN, and SrSicNg, heating at relatively low
temperatures is required. High purity nitride phosphors can be syn-
thesized by the combination of silicon nitride and strontium nitride,
as shown in Fig. 2, consistent with previous studies using sensitive
materials, such as strontium nitride, to form high purity phases of
Sr,SisNg. As shown in the phase diagram, Sr,SisNg is in close prox-
imity and connected by a straight line to silicon nitride and strontium
metal. However, the use of pure metals as starting materials is limit-
ing because the metals are easily oxidized by moisture and oxygen in
the atmosphere. In addition, metals or metal nitrides are difficult to
handle, resulting in prohibitive costs.

In this study, the intermediate reactants are used for efficient re-
action. The basic idea is that oxygen should not participate in the
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reaction during synthesis at high temperatures. The reactions for the
synthesis of a pure Sr; Eu,SisNg phase are shown in Eq. 5, 6 and 7.

(3 — x) SrCO;5 + 2NH4H,PO4 + (x/2) Eu,03 — 2Sr;_,Eu,(POy4),

[5]
2Sr;_,Eu, (POy), + 6H, — 2Sr’*;_ Eu’", + 4H;P0, 4 [6]
2Sr**;_,Eu**, + 5Si3N, + 2N, — 3Sr,_,Eu, SisNg [71

The intermediate, Sr;  Eu,(POy),, was used to obtain high purity
Sr,.,Eu,SisNg. It has a strong resistance to oxygen and moisture and
contains oxygen. However, the oxygen atoms are removed from the
phosphor during its formation. The reason for choosing Eu**-doped
strontium phosphate is the difference in bond dissociation energies
between Sr, P, O, and Eu. The oxygen atoms are removed during the
reaction by forming phosphoric acid. The bond dissociation energy be-
tween Sr and O is 454 kJ/mol. The bond dissociation energy between
P and O is 596.6 kJ/mol.>* Consequently, less energy is needed to
dissociate the Sr-O bonds than the P-O bonds. Based on the bond dis-
sociation energies, strontium phosphate will decompose into Sr>* and
PO, and, when certain conditions are met, SrO will not be formed.
We have confirmed this experimentally. In our experiments, we con-
firmed that impurities such as Sr,SiO,4 and SrSi,O,N, were formed
when insufficient heating was used, as shown by the temperature-
dependent experiments. The preparation of a pure Sr,_,Eu,SisNg phase
results from the decomposition of the ion transporter, Sr;.Eu,(PO,),,
at elevated temperatures. The process of synthesizing a nitride phos-
phor using the ion transport material is shown in Fig. 3.

The final products were obtained under the previously given con-
ditions at a gas flow rate of 500 mL/min and a temperature of 1500°C.
A maximum temperature holding time of 6 h was used. Figures 4a
and 4b show the XRD patterns and PL spectra of the samples obtained
from three starting mixtures, SrO + C + Eu, 03, Sr3(POy), + Eu, 03,
and Sr;.,Eu,(PO,),. The XRD patterns of these three samples were
indexed and found to comprise mostly Sr,SisNg (PDF 01-085-0101).
There are no significant differences in the XRD profiles. However, the
PL spectra in Fig. 4b show large differences in the emission intensities
for samples produced from different starting materials. The phosphor
prepared using Sr; Eu,(POy), had the highest luminescence charac-
teristics. On using undoped Sr3(PO,), without carbon powder, Eu, O3
was not reduced to Eu?*.

1800
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Figure 4. a. Powder X-ray diffraction (XRD) patterns of the samples prepared by using the CRN method, undoped Sr3(POy),, and Sr3.Eu,(PO4),. b. PL spectra
of the samples prepared by using CRN method, undoped Sr3(PO4),, and Sr3_Eu,(PO4);.
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Figure 5. a. XRD data showing the effect of varying the temperature from 1400 to 1600°C. b. PL spectrum in the experiments at various temperatures from 1400

to 1600°C.

The internal quantum efficiency of the phosphor obtained using
Sr;..Eu,(PO4), was 90.7%, and absorption of 450 nm light was 88.3%.
BaSO, powders with areflectivity of ~100% in visible light were used
as the standard to calculate the spectrum of the excitation source. The
internal quantum efficiency and absorption ratio proceeded under the
excitation at 450 nm. The internal quantum efficiency of the particle
was calculated by the following equation:

B SN-POYdM 8]
T MEO) =RV}

where E(\)/hv, R(\)/hv and P(\)/hv are the number of photons in
the spectrum of excitation, reflectance, and emission of the phosphor,
respectively.?

Subsequently, we optimized the reaction conditions to obtain a
maximal luminescence intensity. The main reactions to obtain the
Sr,.,Eu,SisNg phosphor is shown in Eqs. 6 and 7. To confirm the
removal of phosphoric acid during synthesis, we carried out experi-
ments at different synthesis temperatures. Sr3(PO,), is stable, but it
can be decomposed to supply Sr that can then be incorporated into
the crystalline Sr,SisNg network. For confirming reaction mechanism,
two reaction routes are considered. The first one is:

Sr3(POy), + 3H, — 3Sr+ 2H;PO, (AH = +1554.1 kJ/mol)
(9]
The standard enthalpies of formation of Sr3(POy),, H,, Sr, and
H3;PO, are —4122.9, 0, 0, and —1284.4 kJ/mol, respectively.?* The
reaction enthalpy of Eq. 7 is 1554.1 kJ/mol, so this is an endothermic
reaction. At least 1554.1 kJ of heat must be absorbed for the reaction
shown in Eq. 9 to proceed. As a result, the supply of hydrogen gas
should result in the formation of H;PO,. The boiling point of H;PO,
is 175°C. As such, it is immediately evaporated at the reaction temper-
ature. Calcium phosphate and barium phosphate decompose at 1112
and 1727°C, respectively. The melting point of the Sr3(PO,), is esti-
mated to range from 1112 to 1727°C and, thus, lies within the reaction
temperature range. The excess H, gas flow requires the (PO4)3~ ion
transporter. The Sr3(PO4), will be decomposed into Sr*>* and H3POy,
which are recombined with (PO4)3~ at elevated temperatures and
under the continuous flow of hydrogen gas. The second one is:

Sr3(PO4), + 8H, — 2PH; + 3SrO  (AH = +928 kJ/mol)
(10]
This route is thermodynamically easier reaction route than that of
previous reaction Eq. 9. However, we could not observe any crystal

i

phases of SrO, PH; and H3PO, from the XRD data after final products.
Also, it was confirmed that the reaction route took the Eq. 9 at our
experimental require by comparing the weight difference before and
after the experiment. The weight before the experiment was 4 g, and
the weight after the experiment was about 3 g. The difference of about
1 g was consistent with the weight of H;PO,, which was supposed
to have escaped during the reaction. This is equivalent to the loss
of 4 moles of H;PO, during the synthesis of 3 moles of Sr,SisNs.
Considering these two experimental observations, we concluded that
the decomposition process in our experimental regime would have
proceeded in reaction route of the Eq. 9. Then, Sr ions combines with
Si3N4 network to become final product.

Figure 5a shows the XRD data in the experiments at various tem-
perature ranging from 1400 to 1600°C. The changes in the XRD pro-
files demonstrate the phase change. As shown in Fig. 5a, the Sr,SisNg
phase increased, while the Sr,Si0,4 and SrSi, O, N, phases decreased as
the experimental temperature increased from 1400 to 1500°C. Above
1500°C, only the Sr,SisNg crystalline phase is observed, and no im-
purities are present. Figure 5b shows the PL spectra in the variable
temperature experiments (1400 to 1600°C). The XRD data and PL
spectra both show that the ratio of the Sr,SisNg phase increases as the
synthesis temperature increases. However, when the synthesis temper-
ature exceeds 1500°C, the luminescence characteristics were reduced.
Despite this, the Sr,SisNg phase has been reported to be formed only
at temperatures significantly greater than 1500°C.

Figures 6a and 6b show the effect of the flow rate of 5% H,/N,
gas on the XRD diffraction patterns and PL spectra. The phosphate
reacted with H, gas, forming phosphoric acid that was removed at high
flow rates. Figure 6 shows that phosphoric acid is not removed when
N, gas is supplied alone. The remaining oxygen atoms of phosphoric
acid and silicon nitride are combined to form the SrSi,O,N, phase.

Conclusions

In conclusion, we have reported a novel synthetic route to obtain
red phosphors via the intermediate reaction of Sr;Eu,(PO,), and
SizNy at 1500°C under atmospheric condition. In this experiment, a
mixture of 10% H,/90% N, was used as the reducing gas. It was found
that the ion transporter, Sr;.Eu,(PO,),, was very effective to prepare
the target phosphor material, and the reaction occurred at relatively low
temperatures under atmospheric condition. Furthermore, the reaction
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Figure 6. a. XRD data showing the effect of reducing the gas flow rate from 100 to 500 mL/min. b. PL spectrum showing the effect of varying the reducing gas

flow rate from 100 to 500 mL/min.

proceeded even in the presence of oxygen. We investigated synthetic
routes toward stable phosphor materials, such as Si;N,. This method
of synthesis does not leave residual carbon and does not require high
pressures. In addition, the starting materials are inexpensive, commer-
cially available, and easy to handle in a normal atmosphere including
oxygen and moisture. Thus, the method offers a simple, efficient, and
high-yield route to Sr, ,Eu,SisNg. We believe that this approach is
also applicable to the synthesis of other nitride-based phosphors.
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