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Abstract

We report the first synthesis of A-SiIAION:Eu?* phosphors from single-
source precursors, perhydropolysilazane (PHPS), chemically modified with
AI(OCH(CHs3),)3, and EuCl,. The reactions occurring during the precursor syn-
thesis and the subsequent thermal conversion of polymeric precursors into
S-SIAION:Eu?* phosphors have been studied by a complementary set of ana-
Iytical techniques, including infrared spectroscopy, gas chromatography—mass
spectrometry, thermogravimetry—mass spectrometry, X-ray diffraction (XRD),
photoluminescence spectroscopy, and scanning electron microscopy. It has been
clearly established that AI(OCH(CHj3),); immediately reacted with PHPS to
afford N-Al bonds at room temperature, whereas N-Eu bond formation was sug-
gested to proceed above 600°C accompanied by the elimination of HCI up to
1000°C in flowing N,. The subsequent 1800°C-heat treatment for 1 h under an
N, gas pressure at 980 kPa allowed converting the single-source precursors into
fine-grained f-SiAION:Eu?* phosphors. XRD analysis revealed that the Al/Si
of .09 was the critical atomic ratio in the precursor synthesis to afford single-
phase -SiAION (z = .55). Moreover, Eu?*-doping was found to efficiently reduce
the carbon impurity in the host 8-SiAION. The polymer-derived f-SiAION:Eu?*
phosphors exhibited green emission under excitation at 460 nm and achieved the
highest green emission intensity at the critical dopant Eu?* concentration at 1.48
at%.
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luminous efficiency, flexible color design, and relatively
low cost.! Current high-quality white light has been

Solid-state lighting (SSL) solution has been worldwide
spread to replace the traditional illumination source,
such as incandescent and fluorescent lamps, to save a
huge amount of energy and reduce the carbon emission.
Among the SSL sources, phosphors-converted white LEDs
have attracted extensive attention because of their great

developed by assembling the blue LED tips with green
and red phosphors (two-pc-wLEDs). The green phosphors
applied for the two-pc wLEDs are oxynitride phosphors
based on Eu?*-activated A-SiAION, which have been
recently developed to be substituted for sulfide-based
phosphors.
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S-SIAION with the general formula Sig_,Al,O,Ng_,
(0 < z < 4.2) is a solid solution of g-silicon nitride (SizNy)
and aluminum oxide (Al,03) formed by partial replace-
ment of Si-N bond with Al-O or Al-N bond, whereas
Eu?*-activated -SiAION can be expressed by the modified
formula of Sie,zAIZOZ,ZyNg,Hgy:yEuz*, which takes into
account the charge compensation by Eu?*-doping.? Pho-
toluminescent (PL) properties of Eu?*-activated S-SiAION
(B-SIAION:Eu?*) phosphors depend on several material
factors, including z value,®> amount of Eu®* as killer site,”
and morphology and the phase purity of host 8-SiAION.?
Hirosaki et al. fabricated 5-SiAION:Eu?* phosphors with
several z values and Eu?* concentrations. They found
that impurity SIAION polytypoid phases, such as 12H,
21R, and 27R, appeared either by increasing z value or
Eu®* molar percentage.® Based on these results, they sug-
gested that critical Eu%* concentrations are ~.7 and .5 at%
for the host B-SIAION with z = .1 and .5, respectively,
and g-SiAION:Eu?* phosphors with z values ranging from
1 to .5 are suitable for practical applications.® Kikkawa
et al. reported that the morphology of 5-SiAION ceram-
ics changed from rod-like to near-equiaxed shape at the
z value from 1.0 to 2.0, whereas the green emission color
shifted to a lower wavelength consistently with the z value
and finally turned to be blue at z = 4.°

S-SIAION ceramics can be fabricated by the conven-
tional powder metallurgy method using starting powders
of a-SisNy, a-Al,O; and aluminum nitride (AIN). Gen-
erally, fabrication conditions of high-temperature heat
treatment at T > 1800°C under a high nitrogen (N,) pres-
sure at p > .98 MPa are required to afford -SiIAION as a
thermodynamically favorable phase.®6

On the other hand, a novel polymer-derived ceramics
(PDCs) route has been found as convenient and appropri-
ate for the synthesis of silicon (Si)-based non-oxide ceramic
systems.” 1% The PDCs route offers several potential advan-
tages, including compositional homogeneity, purity, and
structure tailorability, which can be achieved by an in
situ formation of polycrystalline ceramics from a novel
metastable amorphous compound produced by pyrolysis
of a single-source precursor, in which strictly controlled
chemical composition can be established at molecular
scale.”" ™ In this route, perhydropolysilazane (PHPS) com-
posed of only Si, N, and H has some advantages in high
purity for the synthesis of Si;N, ceramics.®? Moreover,
PHPS can be easily modified with various organometallic
compounds to afford single-source precursors contain-
ing appropriate elements for Si-based multicomponent
non-oxide ceramic systems.’>?* In Ref. [16], polyalumi-
nosilazanes synthesized by chemical modification of PHPS
with (ethyl acetoacetate) aluminum di(isopropoxide) have
been successfully converted to appropriate quaternary Si—
Al-O-N amorphous compound by pyrolysis at 1000°C

under flowing ammonia (NHs3). However, subsequent
heat treatment up to 1500°C in N, resulted in the par-
tial crystallization of g-SIAION or the formation of a
mixture of S-SIAION, J-SiAION, and mullite (3Al,05—
2Si0,) phases due to the excess oxygen introduced from
the Al alkoxide modifier.'® On the other hand, poly-
mers containing nanometer-sized filler particles, such
as polycarbosilane combined with aluminum hydroxide
(AI(OH)3) nanoparticles derived from Al(O-secBu);2° and
polysilazane mixed with nanofillers containing SizNs—
Al,05-AIN?® or Al,03,% have been reported as useful
for the formation of SiAION-based ceramics. However, as
far as we know, no research work has been dedicated to
the accurate chemical composition and structure control-
ling at the nano- to micrometer scale of f-SiAION:Eu?*
phosphors through the PDCs route.

Herein, we conducted syntheses of a series of
B-SIAION:Eu?* phosphor samples through the PDCs
route: single-source polymeric precursors, in which
strictly controlled chemical composition is established at
molecular scale have been synthesized by chemical mod-
ification of a commercially available PHPS ((SiH,—NH),))
with aluminum triisopropoxide (AI(OCH(CH3),); and
europium(ll) chloride (EuCl,).

The single-source precursors are converted to Eu?*-
doped amorphous SiAION by pyrolysis at 1000°C under
flowing N,. Subsequently, the polymer-derived multi-
component amorphous compounds are converted to
S-SIAION:Eu?* phosphors by heat treatment up to 1800°C
under an N, gas pressure at 980 kPa. The relation-
ships between the chemical composition in terms of
Eu?* concentration, phase purity and morphology of
host S-SIAION, and PL properties of the polymer-derived
B-SIAION:Eu?* phosphor samples are discussed based on a
set of characterization techniques, including infrared spec-
troscopy, gas chromatography-mass spectrometric (GC-
MS) analyses, simultaneous thermogravimetric-MS (TG-
MS) analyses, X-ray diffraction (XRD), PL spectroscopy,
and scanning electron microscope (SEM) observations.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials and methods

Commercially available PHPS (99.993%, Si, 67.91; N,
27.77; H, 4.313 wt%, AZ NN110-20, 20-wt% xylene solu-
tion, AZ Electronic Materials Co., Ltd., Tokyo, Japan),
AI(OCH(CHj3),)3 (99.9%, Kojundo Chemical Laboratory
Co. Ltd., Saitama, Japan),and EuCl, (99.9%, Sigma-Aldrich
Japan, Tokyo, Japan) were used without further purifica-
tion and handled under dry argon (Ar) atmosphere using
standard Schlenk techniques.
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As a typical experiment, we described the synthesis of
Al, Eu-modified PHPS labeled as SAE95, and its conversion
to S-SiAION:Eu?* phosphor: a 300-ml two-neck round-
bottom flask equipped with a magnetic stirrer was charged
with 20-wt% xylene solution of PHPS (10 ml, hence Si =
1.36 g, 48.4 mmol), AI(OCH(CH3),)3 (.893 g, 4.37 mmol),
and EuCl, (.542 g, 2.43 mmol) and then refluxed for 1 h.
After the reaction mixture was cooled down to room tem-
perature (RT), the solvent was removed under vacuum at
RT to give SAE95 as white solid. Subsequently, the SAE95
sample was pyrolyzed by a tube furnace (model ARF60-
150-31KC, Asahi Rika, Chiba, Japan) under flowing N,
at 1000°C for 1 h with a heating rate of 5°C min™. The
pyrolyzed powder was converted to f-SiAION:Eu?* phos-
phor by heat treatment in a graphite resistance-heated
furnace (model High Multi 5000, Fujidempa Kogyo, Co.,
Ltd., Osaka, Japan) at 1800°C for 1 h under an N, gas
pressure at 980 kPa.

2.2 | Characterizations

The chemical modification reactions of PHPS were mon-
itored by attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy using a FTIR spectrom-
eter (model FT/IR-42001F, JASCO Corporation, Tokyo,
Japan) attached with an ATR equipment (model ATR PRO
550S-S/570S-H, JASCO Corporation, Tokyo, Japan) at a
resolution of 4 cm™L.

The details of the chemical reactions during the pre-
cursor synthesis from RT to 140°C (xylene reflux) and
precursor pyrolysis up to 1000°C were monitored by
GC-MS and TG-MS analyses under He flow, respectively
(model STA7200, Hitachi, Tokyo, Japan). Commercially
available isopropanol (299%, Sigma-Aldrich Japan, Tokyo,
Japan) was used as a reference for the GC-MS analyses.

XRD analysis for the heat-treated samples was per-
formed (model X’ Pert-Pro a1, PANalytical, UK) using a Cu
K, radiation.

The p-phase ratio of the polymer-derived SiAION-based
samples was defined as the g/(8 + «)-phase ratio evalu-
ated by comparing the diffraction peak intensity (I) of the
a-phase (102), (210) plane and p-phase (101), (210)
plane?®:

B — phase ratio = (I8(101) + 13(210))Y[(IB(101)
+ 1B(210)) + (a(102) + [« (210))] x 100
@

Elemental analyses for oxygen (O), nitrogen (N) by
the inert-gas fusion method (model EMGA-930, Horiba,
Kyoto, Japan), and carbon (C) by the nondispersive
infrared method (model CS844, LECO CORPORATION,

St. Joseph, USA) were performed on the 1000°C-pyrolyzed
and subsequent 1800°C heat-treated samples. The Al and
Eu contents in the polymer-derived SiAION:Eu?* samples
were analyzed by using an energy-dispersive X-ray spec-
trometer (EDS) mounted on an SEM (model JSM-6010LA,
JEOL Ltd., Tokyo, Japan). In this study, EDS element map-
ping analysis was performed on the powdered sample
surfaces observed within an SEM image area of ~20 x
25 um? at the magnification and accelerating voltage of
5000x and 15 kV, respectively, to give an atomic percentage
for all the constituent elements. For each sample, the Al/Si
and Eu/Si ratios were evaluated as an average value of the
mapping scans conducted for at least five different areas
randomly selected. Then, the chemical composition of the
polymer-derived SiAION-based samples was determined
as follows:

wit% (Si+ Al + Eu) = 100% — wt% (C) —wt% (N) —wt%
@)

Morphology of the polymer-derived A-SiAION:Eu?*
samples was observed by using an SEM (model JSM-
6010LA, JEOL Ltd., Tokyo, Japan).

The PL emission and excitation spectra were recorded
at RT using a fluorescence spectrometer (model F-7000,
Hitachi, Tokyo, Japan) with a xenon (Xe) lamp.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of single-source precursors
and their conversion into inorganic
compounds

Single-source precursor syntheses in this study were con-
ducted for the compositions listed in Table 1. The nominal
z value of the host -SiAION was calculated using the the-
oretical formula, Sie,zAIZOZ,ZyNg,HZy:yEuZ*, given by
Wang et al.?

To clarify the necessary amount for an in situ forma-
tion of host -SiAION with z value <.5,° the amount of the
AI(OiPr); was examined at the Al/Si ratios of .03, .06, and
.09, and the resulting precursors were labeled as SA3, SA6,
and SA9, respectively. On the other hand, to investigate
the effect of the amount of Eu-doping on the formation
and PL properties of the polymer-derived S-SiAION:Eu?*,
the amount of EuCl, for the chemical modification was
examined at the Eu/Si atomic ratios of .01, .03, .05, and
.07, and the synthesized precursors were labeled as SAE91,
SAE93, SAE95, and SAE97, respectively. At the polymeric
precursor state, the resulting anion contents, O and N need
modified expression as SiG,ZAIZoz,zy+,;N8,z+2+y:yEu2+.
The value of differences, J and y for each composition are
also listed in this table.
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TABLE 1 Nominal molar ratios for synthesis of single-source precursors for g-SiAION and Eu?* -activated -SiAION phosphors
Calculated chemical composition
Siin M/Si ratio Sis—;Al,0, 2y sNg_742y4+, YEUF
(SiH,-NH), Eu?*
Name (PHPS) AI(OCH(CHj3),)3 EuCl, Formula z y ) b2 (at%o)
SA3 1 .03 .00 SiAly0300.09N1.00 A7 .000 .35 -2.00 .00
SA6 1 .06 .00 SiAl0500.18N1.00 34 .000 .68 —-2.00 .00
SA9 1 .09 .00 SiAly0900.27N1.00 .50 .000 .99 -2.00 .00
SAE91 1 .09 01 SiAlp.0900.27N1.00EUg 01 .50 .055 110 211 42
SAE93 1 .09 .03 SiAlp 0900.27N1.00EU003 50 165 132 -2.33 1.27
SAE95 1 .09 .05 SiAlg0900.27N1.00EUg 05 .50 275 154 —-2.55 207
SAE97 1 .09 .07 SiAlgg90027N1 00EUg 7 .50 .385 1.76 —2.77 2.88
Abbrev| ﬂwn: PHPS, perhydropolysuazang_.‘Si_N_Si) (B)

CH,
W(C—=C) nt ' )
\W(C-0}

v(Si-H)
SAE95
v(N-H)

S(N-H)_

v(C-H)

Absorbance (a.u.)

PHPS

T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 1240 1200 1160 1120

Wavenumber / em™!

FIGURE 1 Attenuated total reflection infrared (ATR-IR)
spectra for as-received perhydropolysilazane (PHPS), Al-modified
PHPS (SA9 sample), and Al, Eu-modified PHPS (SAE95 sample):
(A) 4000-600 cm™! and (B) 1240-1080 cm™!

As typical results, FTIR spectra of as-received PHPS, Al-
modified PHPS, SA9 sample, and Al, Eu-modified PHPS,
SAE95 sample are shown in Figure 1A. In addition to
characteristic absorption peaks attributed to PHPS at 3400
(vN-H), 2152 (vSi-H), and 1175 ()N-H) and around 832
(vSi-N-Si) cm 1,520 SA9 sample presented new peaks at
2900 (vC-H), 1172 (vC-C), 1135 (vC-0), and 1118 (rCHy)
cm™! attributed to OCH(CHs), group?® originated from
Al(OCH(CHj3),)3; moreover, the broadband due to vSi-N-
Sishowed an apparent red shift (Figure 1B). This peak shift
is possibly due to the mass effect on stretching frequen-
cies, that is, AI(OCH(CHj3),); reacted with the NH group
in PHPS to form N-Al bond,® and the substitution of H by
the AI(OCH(CH3),)3-y led to the red shift of the Si—-N-Si
peak:

. -mROH
SiH,—NH), + AI(OR); —M —
(SiH; n (OR)3 m<2)

x (SiHy—NH)n_m (SiH,~N) AI(OR)3_ 1
R = CH(CH3), ®)

On the other hand, the FTIR spectrum of the SAE95
sample was found to be quite similar to that of the SA9
sample.

To study the chemical modification reactions in more
details, the reaction of Equation (3) was ex situ monitored
by GC-MS analyses. The gas chromatograms and mass
spectra recorded for the reference sample, isopropanol and
reaction solution for the synthesis of the SA6 sample are
given in Figure 2. In this study, a vapor sample was taken
from the reaction solution for synthesizing the SA6 sam-
ple at RT. In addition to the chromatogram peak | due
to the background (mass fragments of the m/z ratios of
40 and 20 assigned to Ar applied as an inert reaction
atmosphere, 32 and 28 due to O, and N, respectively),
isopropanol was identified as peak Il by detecting mass
fragments at the m/z ratios of 59 (C3H,;0%), 45 (C,Hs0™),
43 (C3H;™), and 27 (C,H3")%0 (Figure 2A). On the other
hand, the sample vapor evolved at RT exhibited one broad
peak (111) around 65.48 s as well as two distinct peaks
at 87.88 s (IV) and 90.64 s (V) (Figure 2B). Careful MS
analyses for the peak at the retention time of 65.48 s
resulted in the detection of the mass fragments attributed
to isopropanol as well as those due to the background
(Figure 2C), and a single chromatogram peak composed
of major fragments at the m/z ratios of 59 (C3H,0%), 45
(C,H507%), 43 (C3H;*) was extracted from the broad peak
111 (Figure 2D). On the other hand, the peaks IV and V were
identified as xylene used as reaction solvent by detecting
typical mass fragments at the m/z ratios of 106, 91, 77, 65, 51,
39, and 27 and suggested to be assigned to m- and p-xylene,
respectively®® (Figure 2C). These results clearly revealed
that Equation (3) immediately proceeded from RT.

High-temperature reactions during pyrolysis up to
1000°C were further monitored by TG-MS analyses. As
typical results, the thermal behaviors of SA9 and SAE95
samples are shown in Figure 3. The TG-curve of the
SA9 sample shows two main weight loss regions at RT-
150°C (1.25%) and 150-400°C (17.5%), and the total ion
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FIGURE 2 Results of gas chromatography-mass spectrometric (GC-MS) analyses for chemical modification reaction of

perhydropolysilazane (PHPS) with AI(OCH(CHjs),);. Total ion chromatograms of (A) reference sample, isopropanol and (B) vapor sample

taken from reaction solution for synthesis of SA6 sample at room temperature (RT). (C) Mass fragments recorded for each peak shown in (B)
and (D) continuous in situ monitoring of gaseous species evolved from reaction solution for synthesis of SA6 sample

current chromatogram (TICC) exhibits two broad peaks
centered at 100 and 250°C, respectively (Figure 3A(a)).
The mass spectrum measured at 100°C was composed of
main fragments at the m/z ratios of 106, 91, 77, 65, 63,
51, 39, and 27, which are attributed to xylene, whereas
those at 133 (Si3N3H;*:N-SiH,~NH-SiH,~NH-SiH*), 75
(H,SiNHSIH2"), 45 (H,SiNH*), and 16 (NH2*) are thought
to be due to the partial decomposition of low molecular
weight fraction of PHPS originally existed or formed in
situ via the cleavage of the perhydrosilazane linkages'®
partially proceeded during the chemical modification of
PHPS with AI(OCH(CH5),)3 (Figure 3A(b)). As the molec-
ular ion (CgH4(CH3),*, m/z 106) and the tropylium
ion (C;H;*, m/z = 91) were only detected up to ~200°C
(Figure 3A(c)), the first weight loss from RT to 150°C was
due mainly to the residual xylene used as the reaction
solvent.

The mass spectrum measured at 250°C (Figure 3A(b))
exhibits three main fragments with m/z ratios at 41
((CHg)zCH+), 29 (CH3CH2+), and 16 (CH4+), which
reveals that the second weight loss is attributed to

the thermal decomposition of the residual isopropoxy
(OCH,(CHj3),) group.

The SAE95 sample exhibits similar thermal behavior up
to 800°C (Figure 3B(a,b)), and the second weight loss at
150-400°C was 15%, which was also close to that of SA95
(17.5%, Figure 3A(a)). However, this sample presents an
additional weight loss at 800-1000°C (5%, Figure 3B(a)).
The mass spectrum measured during the third weight loss
resulted in the detection of the main gaseous component at
the m/z ratios of 38 and 36 assigned to HCI (Figure 3B(b)).

As shown in Figure 4, the area of the third TICC peak at
800-1000°C was found to be increased with the Eu/Si ratio
up to .05 (SAE95 sample) in the single-source precursor
synthesis at the Al/Si ratio = .09.

Figure 5 shows the thermal behavior under an inert He
atmosphere of as-received EuCl,. The TG and DTA curves
indicate the gradual weight loss of 16% at 600-1000°C
associated with two endothermic peaks at 744 and 852°C.
Weight loss was found to be explained by the elimination
of one chlorine (Equation 4), Cl (at. wt = 35.45)/EuCl,
(mw = 222.86) x 100 = 16%), whereas the first endother-
mic peak at 744°C was found close to the m.p. of EuCl,
(738°C3h).

EuCl, — Eu*Cl + CI- )
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Accordingly, the second endothermic peak at 852°C was
suggested to be ascribed to the melting of the thermally
decomposed species such as Eu*Cl formed in situ.

These results reveal that the EuCl, remained
without reacting with the residual alkoxide group,
(=N) AI(OR)3_, up to ~600°C, then began to melt
accompanied by CI™ elimination (Equation 4), which
triggered the Eu-N bond formations with silylamino
moiety derived from PHPS followed by the elimination of
HCI as a byproduct (Equation 5).

2(= Si),NH + Eu'Cl+ CI' —

(= Si),N — Eu— N(Si =), + 2HCI ()

Table 2 shows the chemical compositions of the 1000°C
pyrolyzed samples. The Al/Si and Eu/Si atomic ratios of
each sample were slightly higher than the nominal ones,
which was due to the volatilization of low molecular
weight silicon species as detected by the TG-MS analyses
shown in Figure 3.

3.2 | Effect of Al content on the
formation of polymer-derived g-SiAION

Figure 6A shows the XRD patterns of the polymer-
derived SIAION samples after the 1800°C-heat treatment.
B-SIAION (Sig-,Al,O,Ng_,, z= 2:Si4Al,0,Ng, JCPDS card
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TABLE 2 Chemical compositions of 1000°C as-pyrolyzed samples
Pyrolyzed EDS (molar ratio) Element analysis (wt%o)
Precursor sample Al/Si Eu/Si 0} N C Empirical formula
SA3 NSA3 .03 .00 3.08 24.92 216 SiAlg0300.08N0.72Co 07
SA6 NSA6 .07 .00 5.43 25.59 2.98 SiAly 0700.15N0.83C011
SA9 NSA9 i} .00 6.46 2151 9.46 SiAly1100.26N1 03Co.38
SAE91 NSAE91 A1 .02 5.70 22.25 6.25 SiAlp110019No 82Co28EUo 02
SAE93 NSAE93 12 .03 7.60 2811 5.08 SiAlp 1200 20N1 25C026EUo 03
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peak at 800-1000°C detected for SAE91 (Eu/Si = .01), SAE93
(Eu/Si = .03), SAE95 (Eu/Si = .05), and SAE97 (Eu/Si = .07) samples
synthesized at the Al/Si = .09

Temperature / °C

FIGURE 5 Thermogravimetric (TG) and DTA curves of
as-received EuCl, used in this study

1800°C-NSA6 (Al/Si = .06) samples present a mixture of
a- and g- phases, whereas the 1800°C-NSA9 (Al/Si = .09)
sample exhibits 5-SIAION single phase.

no. 00-048-1616) and a-SiAION (CaO.SSig.ZAlzgol.zN14’g,
JCPDS card no. 00-033-0261) are referred to label - and
a-SIAION phase. The 1800°C-NSA3 (Al/Si = .03) and
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FIGURE 6 X-ray diffraction (XRD) patterns of polymer-derived (A) SiAION and (B) Eu?*-doped SiAION samples
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In our previous studies, the crystallization of a-SizN4
from PHPS-derived amorphous silicon nitride (Si—-N) was
found around 1200°C, and the a-phase was dominant up
to 1800°C,* whereas the a- and g-phase transformation
was apparently facilitated in the quaternary Si-M-O-N
systems derived from M-modified PHPS to afford $-SisN,4
single phase by the 1800°C heat treatment (M = Y18, Ti??).

It is recognized that the transformation between the a
and R phases of SisN, has a reconstructive nature,® 34
which requires significant amounts of thermal energy for
the breaking of Si-N bonds.®>%" Therefore, it is generally
suggested that the a- and R-phase transformation requires
a liquid phase, in which «a-SisN4 grains can dissolve
above ~1400°C to assist the necessary atomic diffusion for
promoting the a-/f-phase transformation.3336-38

In the case of the quaternary SIAION system, the
aluminum-silicon oxynitride liquid phase was suggested
to be formed in situ,*® which could promote the a-/4-
phase transformation by analogy with the transformation
from a- to R3-SisN, above 1400°C and the subsequent
solid solution formation to afford stoichiometric -SiAION
(Sig_,Al,O,Ng_, (0 < z< 4.2)).%

Accordingly, an in situ formation of £-SiAION from the
present single-source precursor-derived amorphous com-
pound is suggested to proceed by the nucleation and
crystallization of a-SigN4 or o-SIAION and subsequent
a-1p-phase transformation via the dissolution, diffusion,
and re-precipitation processes through the transient liquid
phase formed in situ. The amount of the transient liquid
phase increased consistently with the Al and O contents,
that is, the Al/Si ratio in the single-source precursor syn-
thesis, and the resulting g-phase content defined as the
Bl(B + ) phase ratio (Equation 1) of the 1800°C-heat sam-
ples was found to increase consistently with the Al/Si ratio
(Tables 2 and 3). These results reveal that the Al/Si ratio
of .09 is required for the 5-SiAION single-phase formation
through the PDCs route investigated in this study. How-
ever, the amount of carbon impurity in the 1800°C-NSA9
sample was 6.87 wt% (Table 3), which was due to the for-
mation of the secondary phase assigned to g-silicon carbide
(B-SiC, JCPDS card 01-073-1665, Figure 6A).

3.3 | Effect of Eu?* concentration on the
formation and properties of
polymer-derived g-SiAION:Eu?* phosphors

XRD patterns of the Eu?*-doped samples are shown in
Figure 6B. Regardless of the Eu/Si ratio in the single-source
precursor synthesis at the Al/Si = .09, the 4-SiC formation
was successfully suppressed, and all the samples exhibited
S-SIAION single phase. However, at the Eu/Si ratios of
.03-.07, an unknown minor impurity phase appeared,

TABLE 3 Chemical compositions of 1800° C-heated

Chemical composition

f-phase

Eu2+

Sig (ALO; 5,:3Ng ;1)4, yEU

Element analysis (wt%)

EDS (molar ratio)

content (%)

511

67
100
100
100
100

(at%)

.00
.00
.00
41
115
148

.000 A7 -1.30
—-.06
211

.000

.17y
(0.39)

SiAly 30006N1.12Co01
SiAlp.0700.06N121Co.06

157
1.58

34.32

2.06
2.03

.00

.03
.07

1800° C-

—.82
=91
=58
-.20

34.75

.00

1800° C-

.16
-.05

.000
.055

(0.55)°

.55

SiAlg100013N120Co31
SiAlj1000.07N128C0.08Eu.01

6.87
1.80
17

13

31.44
34.37

4.02
2.33

.00

.10
10

N34 c-

.01

1800° C-

22
44
43

164
218

SiAlg 1000 .08N1.39C0.04EUg 03

34.54

2.22
2.83

.03

.10
10

N8O

A3

.55

SiAlp100010N1.47C0.01Eu0.04

34.93

1800° C-

100

.59

324

SiAIO‘llOO.(N Nl.SOCO.Ol EUO.OG

36.17 .16

1.86

.06

1

N$oE92-
SA

N 97
aT]!ue z v!i_lue was calculated as #-SiAION single phase.
B-SiC formed as a minor secondary phase.

Abbreviation: EDS, energy-dispersive X-ray spectrometer.
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and its diffraction pattern (marked by V) was found
to be similar to the U phase of SiAION reported for the
intergranular crystalline phase of rare-earth (Re)-doped
SiAION polycrystallites (Re = La, Nd).*%4

The chemical compositions of all the samples after
the 1800°C-heat treatment were listed in Table 3. The z
and y values were calculated by the modified formula
of Sie,zAIZOZ,2y+5NS,Z+2y+V:yEu2+. The carbon impurity
content was significantly decreased by the doping of Eu?*:
The carbon content decreased from 6.87 to 1.80 wt% at the
Eu?*-doping of .41 at% (1800°C-NSAE91 sample) and fur-
ther decreased to .13 (1800°C-NSAE95 sample) and .16 wt%
(1800°C-NSAE97 sample) at the Eu?*-doping of 1.48 and
2.11 at%, respectively. On the other hand, the N/Si ratio,
that is, the nitrogen content of the 1800°C-heated samples
increased with increasing the amount of Eu2*-doping.

During the heat treatment up to 1800°C for 1 h, alongside
the in situ S-SiIAION formation, carbothermal reduction of
silica (SiO,) species (Equations 6-8) and subsequent nitri-
dation reactions (Equations 9-10) proceeded as reported
for SiO, in the presence of free carbon.*? The results
obtained in this study strongly suggest that these reactions
in the polymer-derived amorphous compound were facili-
tated consistently with the amount of Eu?*-doping, which
avoided the formation of SiC phase (Equation 11).

C (s)+Si0O, (s) — SiO (g) +CO(g) (6)
Si0, (s)+CO(g) — SiO (g) +CO, (9) @)
C(s)+CO; (9) — 2CO(9) @®)

3C(s) +3Si0O (g) +2N, (g) — SizN4 (s) +3CO(g) 9)

3Si0 (g) +3CO(g) +2N; (g) — SizN4 (s) +3CO, (g) (10)

25i0, (s) +6C (s) — 2SiC (s) +4CO (q) (11)

Loehmann reported that the glass transition temper-
ature (T,) of the series of Y-Si-Al-O-N glasses varied
from ~810 to 920°C and suggested that the T, increased
consistently with the nitrogen content in the range of 1.5~
7 at%.*® Pomeroy and Hampshire***° also examined the
properties of various metal cation—doped SiAION and SiM-
gON glasses and suggested that, in addition to the T,
the Littleton softening temperatures*® and the dilatometric
softening temperatures also increase linearly with nitro-
gen contentin the range of 0-8 at%,* whereas the viscosity
of these glasses measured at 875-930°C depends not only

on the nitrogen content but also varies significantly by the
type and amount of the dopant cation.*

As shown in Table 2, the nitrogen content of the
1000°C-pyrolyzed samples increased with the amount of
the Eu?*-doping. Accordingly, it is difficult to expect
that the formation onset temperature of the transient
liguid phase decreases consistently with the amount of
Eu2*-doping. To clarify the dominant mechanism, fur-
ther investigations are necessary; however, one possible
suggestion is the significant decrease in the viscosity of
the transient liquid phase by the Eu?*-doping, which
accelerates the initial solid-state carbothermal reduction
(Equation 6), and then subsequent reactions (Equations 7
and 8) to release gaseous species such as CO, and CO
followed by nitridation reactions (Equations 10 and 11)
to afford the Eu?*-doped S-SiAION with the chemical
composition close to the theoretical one expressed as
Si672AIzOzfzyI\|872+2y:yE'~*|2+-

As a typical microstructure observation result, SEM
images of 1800°C-NSAE91 sample (z = 55, Eu®* 41 at%)
and 1800°C-NSAE95 sample (z = .55, Eu®* 148 at%)
are shown in Figure 7. All of the polymer-derived p-
SIAION:Eu?* samples exhibited typical rod-like -SiAION
grains, and it was found that the increase in the Eu?*
concentration did not affect the morphology of the matrix
S-SIAION.

However, as shown in Figure 8, some equiaxed grains
embedded within the rod-like B-SIAION grains were
observed for the 1800°C-NSAE97 sample, and the mor-
phology was quite similar to those previously reported
for the SiAION polytypoid phases such as 12H and 15R.*’
These Al-rich polytypoid phases were found to be formed
in the case of excess Eu?* concentration in the Eu2*-doped
SiAION ceramics.® In addition to the unknown phase for-
mation (Figure 6B), phase purity of the host -SiAION was
suggested to be decreased due to the 2.11 at% Eu?*-doping.

The RT PL excitation and emission spectra of the
polymer-derived S-SiAION:Eu?* phosphor samples are
shown in Figure 9. The excitation spectra (Figure 9A) were
monitored at the appropriate maximum emission wave-
lengths of each sample shown in Figure 9B. The emission
spectra shown in Figure 9B,C were monitored under exci-
tation at 410 and 460 nm, respectively. All the samples
except the 1800°C-NSAE97 sample show a similar shape
of excitation spectrum with adominant broad peak around
290 to 300 nm and several peaks at around 410 to 500 nm
attributed to the absorptions of the host lattice and the 4f'—
4f55d! transitions of dopant Eu?* cations, respectively.®
These polymer-derived A-SiAION:Eu2* phosphor sam-
ples exhibit a typical green emission under violet light
excitation (1, = 410 nm, Figure 9B) or blue light exci-
tation (e = 460 nm, Figure 9C). Moreover, the green
emission intensity was found to increase consistently
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FIGURE 7
sample

FIGURE 8

Scanning electron microscope (SEM) image of
1800°C-NSAE97 sample showing an equiaxed grain (marked by red
arrows) embedded within £-SiAION rod-like grains

with Eu?* concentration from .41 (1800°C-NSAE91 sam-
ple) to 1.48 at% (1800°C-NSAE95 sample). As shown in
Figure 7, the 1800°C-NSAE95 sample was composed of

Scanning electron microscope (SEM) images showing morphology of (A) 1800°C-NSAE91 sample and (B) 1800°C-NSAE95

fine-grained polycrystallites similar to those of the 1800°C-
NSAE91 sample, whereas the green emission intensity of
the 1800°C-NSAE95 sample was found to be approximately
two times higher than that of the 1800°C-NSAE91 sample
(Figure 9B,C).

On the other hand, the 1800°C-NSAE97 sample (z =
59, Eu?* 211 at%) showed an apparent decrease in the
green emission intensity and exhibited an additional weak
broad peak centered around 450 nm, which reveals the
different surrounding environmentof Eu?* cations. As dis-
cussed earlier, the formation of impurity phases, such as
U-phase and SiAION polytypoid phases, were suggested
for the 1800°C-NSAE97 sample, and excess Eu?* cations
in this sample were thought to be located in these impu-
rity phases with lower crystal field strength, which led to
the blue shift of the green emission peak due to the weaker
split of the 5d energy level of Eu?* ions.

In terms of the green emission intensity, the critical Eu2*
concentration of the polymer-derived host -SiAION with
z = .55 was found to be governed by the impurity phase
formation prior to the concentration quenching. However,

Sample zvalue Eu?* at%
= 1800 °C-NSAE91  0.55 0.41
538 — 1800 °C-NSAE93  0.55 115
= 1800 “C-NSAE95 0.55 1.48
= 537 = 1800 °C-NSAE97  0.59 2.11
G
z 539
z Ay =410 nm
S
=
250 300 350 400 450 500 400 500 600 700
Wavelength / nm
(A) (B) (©)
FIGURE 9 (A)Excitation and (B), (C) emission spectra of polymer-derived 5-SiAION:Eu®* phosphor samples measured at room

temperature (RT)
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the green emission intensity was successfully enhanced by
the Eu?*-doping up to 1.48 at%, and this value was approx-
imately three times higher than that (.5 at%) previously
suggested for the Eu?*-activated 4-SiAION with z = 5 fab-
ricated by the conventional powder metallurgy method.
These results suggest that the PDCs route investigated in
this study offers some potential benefits for developing
high-performance S-SiAION:Eu2* green phosphors such
as higher critical Eu?* concentration up to approximately
1.5 mol% for the host £-SIAION (z = .55), and the host grain
refinement easy for assembling w-LEDs without intensive
pulverization process.

4 | CONCLUSIONS

In this work, g-SiAION:Eu?* phosphors were synthesized
from single-source precursors, chemically modified PHPS
with AI(OCH(CHs;),)3, and EuCl,. The chemical mod-
ification reactions were intensively studied by a set of
characterization techniques, including IR spectroscopy,
ex situ reaction monitoring by GC-MS analyses up to
140°C, and in situ thermal behavior analysis up to 1000°C
of the single-source precursors by TG-MS analyses. The
single source precursors were successfully converted to g-
SIAION:Eu?* phosphors by 1000°C-pyrolysis in N, and
subsequent 1800°C-heat treatment for 1 h under an N, gas
pressure at 980 kPa. The relationships between the amount
of Eu?*-doping, phase purity, grain growth and morphol-
ogy of host g-SiAION, and PL properties were discussed.
The results can be summarized as follows:

(1) AI(OCH(CHs;),)3 reacted with PHPS immediately at
RT, whereas EuCl, remained during the precursor
synthesis in refluxing xylene at 140°C.

(2) At around 744°C, the EuCl, began to melt accompa-
nied by CI™ elimination, which triggered Eu-N bond
formations with silylamino moiety derived from PHPS
associated with the elimination of HCI up to 1000°C.

(3) The (Al + Eu)/Si atomic ratio of around .14 was
found as critical for the chemical modification of PHPS
via N-M (M = Al or Eu) bond formations to afford
single-phase S-SiAION:Eu2* phosphor with a chemi-
cal composition close to the theoretical one expressed
by the formula, Sis_,Al,0;_, Ng_,,,,: YEUZ**.

(4) The critical Eu?* concentration in the present

polymer-derived g-SIAION:Eu®* with z = .55 was
suggested as high as 1.48 at%.

(5) The Eu-N bond performed in the polymer-derived
multicomponent amorphous compound might act an
important role in the enhanced critical Eu?* concen-
tration in the polymer-derived host -SiAION formed
in situ.

(6) The polymer-derived host S-SIAION (z = .55) kept
the fine-gained polycrystallites with rod-like morphol-
ogy at the Eu®*-doping up to 1.48 at%, whereas the
green emission intensity under violet or blue light
excitation increased consistently with the amount of
Eu2*-doping and reached the highest at the suggested
critical concentration of 1.48 at%.
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