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Europium-doped oxynitride glass powder (Sr—Si—Al-O-N) was synthesized by a sol-gel method followed by
ammonolysis to investigate the effect of the ammonolysis conditions on the structure and properties of the glass
powder. In particular, the effect of the ammonia gas flow rate during nitridation was studied. The effective
nitrogen concentration (/V.g) in the obtained powder, analyzed by X-ray fluorescence, increased with an increase
in the flow rate, and the results of X-ray photoemission, nuclear magnetic resonance, and Fourier transform
infrared (FT-IR) spectroscopy measurements indicated that the population of Si-N bonds increased with an
increase in N5 However, the presence of hydrogen-terminated structures, such as -NH,,, in the powder with
high N4 was confirmed by FT-IR measurements. The presence of hydrogen-terminated structures, such as —Si—
NH,, and the thermal stability of these hydrogen-related structures were further investigated by thermal
analyses, including thermal desorption measurements, which suggested that hydrogen-terminated structures can
be easily formed during the nitridation of the gel and that the formation of hydrogen-terminated structures

inhibits the polymerization of the glass structures.
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1. Introduction

In recent years, a major focus in materials science has
been the exploration of compounds with complex chem-
ical compositions to realize further higher materials per-
formance. The term “high-entropy alloys”’? is high-
lighted in metallurgy, and “mixed-anion compounds>~ is
another encouraging term for inorganic functional materi-
als. Because atomic numbers are integers, alloying and
making solid solutions are the most common approaches
for achieving precise control of material properties. Many
examples of mixed-anion compounds are available. For
instance, oxychalcogenides® and oxyhalides” have been
considered for electro-optical coupling because anion
mixing is a possible way to introduce the lattice distortions
associated with electric dipoles. Similarly, many phos-
phors are produced by anion mixing to form specific
coordination structures around luminescent centers.® ")

Two categories of mixed-anion compounds exist: those
involving isovalent anion mixing, such as oxychalcoge-
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nides, and those involving heterovalent anion mixing, such
as oxyhalides. Charge compensation is an issue in hetero-
valent anion mixing. Simultaneous cation substitution to
maintain charge neutrality and crystal structure,'>'> or
modification of the crystal structure to allow changes in the
cation/anion ratio,'®'® is necessary to form heterovalent
anion exchanges, both of which are required to form
heterovalent mixed-anion compounds.'” Because the va-
lence band in inorganic compounds is usually formed with
the valence electrons of anions, heterovalent anion mixing
directly impacts the electronic structure of the valence
band. 3% Hence, state-of-the-art techniques are sometimes
required for the synthesis of heterovalent anion mix-
tures.'>?!"24) Despite the difficulties in synthesis, hetero-
valent anion mixing extends the ability of material design.
Mixed-anion compounds in electrochemical systems are
expected to modify the electronic and chemical properties
of the materials. Anion exchange affects the most funda-
mental parameters, for example, work-function and elec-
tron affinity,?>> which are essential in electrochemistry.
This study focuses on oxynitride glasses, a family of
mixed-anion systems. The incorporation of nitrogen into
oxide glasses is a feasible approach in glass technology.?®
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As nitrides are expected to exhibit higher mechanical
strength and melting temperatures than oxides, oxynitrides
have been highlighted as potential structural materials for
high-temperature applications.?”?® Hence, the enhance-
ment of the mechanical and chemical properties is the pur-
pose of oxynitride glass development. We are interested in
the development of host materials for luminescent lantha-
nide centers. Oxynitride glasses are expected to become
outstanding host materials for luminescent lanthanide cen-
ters,” 31 assuming an analogy to crystalline oxynitride
phosphors such as M, Sii>_uymAly4nOnNi6—, (M = lan-
thanide), conventionally called SiAION.33233) However,
ordinary glass processes, including melting and casting,
are unlikely to be appropriate for oxynitride glass produc-
tion, because stable melts are rarely formed.’®* Thus,
nitridation of conventional oxide glass has been consid-
ered a conventional route to form oxynitride glasses.

As mentioned above, the high-temperature stability of
nitrides and oxynitrides is an evident advantage for their
application. However, their very slow ion diffusivity, which
is the origin of their high-temperature stability, causes
difficulties in their fabrication. To the best of our knowl-
edge, reports on the nitrogen ion diffusion coefficient in
nitrides are rare because extremely low diffusivity causes
technical difficulties.>>3®) Melting, followed by casting, is
the most conventional method for fabricating glass. Shap-
ing by casting is the most obvious advantage of glass
materials. However, formation of molten oxynitride glasses
is very difficult.’’#?

To overcome such difficulties, gels and porous nano-
granular oxides have been considered as source materials
for the synthesis of oxynitride glasses.***> The small
grain size and large surface area of the oxide grains should
enhance nitridation with a very large surface area and
shorten the diffusion path for the completion of nitrida-
tion.”!) However, our previous demonstration suggested
that a relatively long heat treatment (e.g., 24 h) is neces-
sary to obtain a stable oxynitride glass structure and that
the very slow structural relaxation in oxynitride glasses is
still an issue for their preparation of oxynitride glasses.
Hence, we were motivated to trace the nitridation behavior
during ammonolysis of oxide gels with the aim of pro-
posing an efficient nitridation process to produce oxy-
nitride glass powders with relatively short reaction times.
In particular, we focused on the effect of ammonia gas
flow rate during ammonolysis to elucidate the reaction
kinetics.

In this study, Eu-doped Sr—Si—AI-O-N glass was inves-
tigated as a case study to elucidate the nitridation behavior
of xerogels. The ammonolysis conditions were varied to
achieve variations in the nitrogen concentration in the
resultant materials, and their chemical states were charac-
terized by spectroscopic techniques, including magic-
angle-spin nuclear magnetic resonance (MAS-NMR), Fou-
rier transform infrared spectroscopy (FT-IR), and X-ray
photoelectron spectroscopy (XPS), in addition to thermal
analysis, that is, thermal gravimetry (TG) and thermal
desorption spectrometry (TDS). Luminescence originating

in the Eu centers was also studied as a probe to observe
variations in glass structures.

2. Experiment

Glass powder samples, (SiggsAly15Srg.10Eug03)-O-N,
were synthesized through a two-step process, that is, the
preparation of xerogels by a sol-gel process and subse-
quent nitridation by ammonolysis. The sol-gel process
was initiated by the hydrolysis of tetracthoxysilane
(TEOS, >95 %, Fujifilm) using an aqueous solution of
nitric acid, and the TEOS:H,O:HNO; ratio was set at
1:4.7:0.001 in molar ratio. After stirring the obtained silica
sol for 1h, a solution mixed with ethanol and N,N-
dimethylformamide (DMF, >99.5%, Wako), in which
AI(NO3);3-9H,0 (99.9 %, Fujifilm) and Eu(NOs);-6H,0
(99.9 %, Wako) were dissolved, was added to the silica sol
and the mixture was stirred for 15 min.*?) Subsequently, an
aqueous solution containing Sr(NOs), (>98 %, Wako) was
added to the mixture to set the TEOS:H,O = 1:9.4 and
was stirred for 15 min. Finally, the nominal composition of
the sol was TEOS:EtOH:DMF:H,0 = 1:4.7:4.7:14.1 in
molar fraction, and the nominal composition of the
metallic elements in the sol was Si:Al:Sr:Eu = 85:15:10:3.
The obtained sol was dried at 80 °C for approximately 3
days to form transparent solidified gels. The dry gel was
crushed in an agate mortar for several minutes.

The nitridation of the gel powder was examined by
ammonolysis using a tube furnace with a pure silica glass
tube. Highly purity ammonia gas (NH3, 99.999 %, Showa
Denko K.K.) was supplied at flow rates (@) of 20, 100,
300, and 500 cm?/min to evaluate the effect of gas flow on
the nitridation behavior. Before introducing the NH; gas,
the furnace tube was evacuated to reduce the oxygen
partial pressure to the lowest possible level. NH; gas was
introduced into the furnace prior to heating and flowed
continuously through the high-temperature process. The
furnace was heated to 1000°C at the ramping rate of
330°C/h unless otherwise noted and held at 1000 °C for
12 h. Hereafter, the samples are identified by the codes
P020, P100, P300, and P500 with @4y during ammonol-
ysis of 20, 100, 300, and 500 cm’/min, respectively. In
addition, a subset of P500 samples was prepared at a
slower ramping rate of 110 °C/h to elucidate the role of the
calcination process. Because organic decomposition and
dehydrogenation occur during heating, the ramping rate is
expected to influence the chemical states of the resultant
samples. These samples are denoted as PSOOSR. Notably,
the exhaust gas from the furnace during ammonolysis was
analyzed using gas chromatography to estimate the actual
gas composition in the furnace.

In addition to the powders synthesized via ammonol-
ysis, two reference powders were prepared. One reference
powder, identified by PwO, was prepared by oxidizing the
precursor gel at 1000°C for 6h in air atmosphere. The
other one, identified by PwH, was prepared in two steps as
follows: First, the gel was heated in air atmosphere at
1000 °C for 4 h and subsequently heated in H, gas stream
at 1000 °C for 2 h.
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Absence of crystalline phases in the obtained powder
was confirmed by powder X-ray diffraction (XRD) with
Cu Ko radiation using a MiniFlex diffractometer (Rigaku
Co. Ltd.). The average chemical composition was ana-
lyzed via X-ray fluorescence (XRF) using a ZSX Primus II
spectrometer (Rigaku Co., Ltd.) with semi-qualitative
analysis functions. Spectroscopic characterizations were
performed to elucidate the coordination structures formed
in the samples. The vibrational modes of the samples were
characterized using a Nicolet iSSOFT-IR spectrometer
(Thermo Fisher Scientific Inc.). For most FT-IR measure-
ments, the powder samples were pelletized with KBr
powder and the pellets were dried by heating at 150 °C for
15 min in order to avoid the contribution of extrinsic water
to the vibrational spectra. In addition, the attenuated total
reflection (ATR) technique was adopted for the FT-IR
measurements, and a diamond prism was utilized to avoid
the effects of water adsorption on the KBr powder. The
chemical state of every element in the resultant glass
powders was characterized by XPS, using a PHI-Quantes
spectrometer (ULVAC-PHI, Inc.) equipped with a mono-
chromatic Al Ko X-ray generator. The pressure in the XPS
chamber was maintained at 1 x 1078 Torr during measure-
ments and a charge neutralizer was used to enable mea-
surements for the insulating powders.

The local structures around Si and Al were also inves-
tigated using MAS-NMR. The MAS-NMR signal of 2’Al
at 208.49 MHz was studied with a JINM-ECZ 800 MHz
spectrometer (JEOL Ltd.) and the samples were set in a
3.2 mm double-tuned broadband probe spinning at 20 kHz.
An aqueous solution of AICl; (1 mol %) was used as a
reference for the ?’Al MAS-NMR measurements. The
pulse width of 0.6 us was used, which was one-third of
/2 (= 1.8 us) in the solution, the relaxation delay was
set at 1.0s, and the chemical shift was calibrated by set-
ting the chemical shift of the solution at 0 ppm. Further,
high-resolution 2°Si signal was collected by the dipolar-
decoupling-magic-angle-spinning (DDMAS) procedure at
99.38MHz with a JNM-ECA 500MHz spectrometer
(JEOL Ltd.), and tetramethylsilane was used as an external
standard. The samples were packed in a 4 mm zirconia
rotor, the spin frequency was set at 10 kHz, and the pulse
width and relaxation delay were set at 3 us of 77/2 pulse
and 120, respectively.

Thermal analysis was performed by TDS and differ-
ential thermal analysis (DTA). TG-DTA measurements
were performed with a conventional instrument (TG-DTA
2000SA, Bruker Japan K.K.) under N, gas stream at 150
cm®/min, using Al,O; powder as a reference. For TG—
DTA measurements, approximately 20 mg powder sam-
ples were set in a Pt pan and heated at a ramping rate of
10°C/min. TDS spectra were measured using an EMD-
WA1000S system (ESCO, Ltd.). The powdered samples
were packed with Pt foil to avoid reaction with the crucible
made of silicon carbide. The base pressure in the analytical
chamber was maintained at 10~ Torr or lower prior to
heating. The sample temperature was elevated to 1000 °C
at a ramping rate of 3 °C/min, held at 1000 °C for 3 h, and

cooled down to room temperature. This temperature pro-
gram was repeated twice to ensure complete desorption
during the first heating cycle. The PSOOSR sample after
the TDS measurement was analyzed using XPS again to
examine the changes in the chemical state during the
measurement.

The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained using an F-7100
fluorescence meter (Hitachi High-Tech Corp.). The PL
spectra were excited by UV light at A = 300 nm, and the
intensity of the PLE spectra was monitored at the wave-
length of maximum PL intensity. In addition, the quantum
efficiency (QE) of the luminescence was measured using
a QE-2100 spectrometer (Otsuka Electronics Co., Ltd.)
according to the literature.” All optical measurements
were performed at room temperature.

3. Results and discussion

The XRD patterns of the samples after ammonolysis are
shown in Fig. S1. Except for P020, all samples remained
amorphous after ammonolysis. The XRD pattern of P020
exhibited sharp diffraction peaks assignable to crystalline
cristobalite, indicating insufficient NH; flow, that is, resid-
ual oxygen gas in the furnace, resulting in crystallization.
The actual atmosphere in the furnace during ammonolysis,
shown in Fig. S2 (Supporting Information), indicated that
the Po, in the furnace with low @4\ was relatively high. It
is also noteworthy that the halo pattern in the XRD profiles
showed shift and broadening with @,);. Because the halo
pattern correlates with the short-range arrangement of
atoms in glass,*® it is presumed that glass structures are
responsible for @y

The effective nitrogen concentration (N.y) values, as
defined by Egs. (1) and (2),>" were evaluated from the
results of the XRF analysis and are shown in Fig. 1.
Assuming stoichiometry (formal charge of the constituent
elements, particularly Eu?*) in the resulting samples, the
sample composition can be expressed by Eq. (1), and,
hence, N.g was calculated using Eq. (2) from the exper-
imentally observed nitrogen concentration, [N], and oxy-
gen concentration, [O].

50| |Ramping rate P500SR
0330°C/h L

__ 40} [ @ 110°C/h
X
v%30 -
Z 20f

10F

0 P020

ud 1 1 1 1
0 100 200 300 400 500
NH, flow rate (cm3/min)

Fig. 1. Nitrogen contents in the synthesized powder versus the
ammonia flow rate (Pan) on preparation. The powders are iden-
tified by Pn where n corresponds to @ap. Blue and red symbols
distinguish the ramping rate in the nitridation process.
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The monotonic increase of N.g with @) looks reasonable,
as v represents nitridation activity. As presented in
Fig. S2 in Supporting Information, the actual ammonia
partial pressure in the furnace increased with the increase
in CDAM.

Notably, the charge compensation assumed in Eq. (1) is
not satisfied with the obtained powder. In the PwO pow-
der prepared by firing in air, the XRF analysis results
suggested a slight anion (oxygen) excess under the as-
sumption of an ordinary formal charge, as presented in
Table S1. This indicates that some cations that cannot be
detected by XRF exist in the obtained powder to satisfy
charge neutrality. Because the instrument has no sensitivity
to very light elements, that is, H-Be, we could not analyze
the hydrogen concentration with the current setup. This
implies that the presence of hydrogen-related components
is a possible explanation for the observed anion excess.
Hence, the splitting of the —Si—O—Si bond in the manner of
Eq. (3), for instance, is a reasonable understanding of the
excess oxygen in PwO.

[=Si—O-Si-] + H,0 — [-Si—O-H] + [H-O-Si-]
(3)

The degree of anion excess was more obvious in the
sample prepared with higher @y, for example, PSOOSR.
As can be observed in Table S2, the tendency of anion
excess was more obvious in the powders prepared with
higher @4y, which was confirmed from the results of XRF
analyses. Hence, it is also presumed that the breaking of
bonds in the glass structure, in the manner of Eq. (4), is a
possible consideration.

[-Si-N-Si-] -+ NH;
1
— [-Si-N-H] + [H-N-Si-] + s H, )

The possibility of these terminal, nonbridging structures
will be discussed further, along with the results of other
measurements.

Because the presence of -NH and —OH groups was not
assumed in Egs. (1) and (2), the Ngg values determined
from the total oxygen [O] and nitrogen [N] concentrations
may differ from those in the original definition. However,
for convenience, we will still use the N value determined
from total [O] and [N] as a measure for the degree of
nitridation.

The results of the XPS measurements are shown in
Fig. 2. As a charge neutralizer was used to enable XPS
measurement by suppressing charging due to photoioniza-

—P020 —P100 —P300

P500 —P500SR

g ,-4
288 286 284 282 280 278 276
(b) O1s

538 536 534 532 530 528 526
(c) N1s

Intensity (a.u.)

(e)

80 78 76 74 72 70 68
Binding energy (eV)

Fig. 2. XPS spectra of the samples after ammonolysis with
different ammonia flow rates. The sample identifier, Pn, indicates
powder prepared with ammonia flow rate at » cm®/min. The
binding energy is normalized by locating the Ols peak at 532 eV.
Part of the spectra are magnified in the insets.

tion, calibration of the electron binding energy (£,) was
necessary for sample-to-sample comparison. In this study,
the binding energies were normalized by referencing the
Ols core-level peaks of each sample instead of E, of the
Cls core-level peaks. As shown in Fig. 2(a), the spectral
profile for the Cls core-level region is broad and asym-
metric, which indicates that the composition of carbon-
related impurities is very complex and that these peaks are
not suitable for E, calibration. Hence, Ey,s were calibrated
by locating the Ols peak at 532 eV, which is close to the
typical E, for silicate glass reported in some studies.*”*®
As shown in Fig. 2(b), which presents the Ols spectra
after calibration, the spectral shape of Ols does not change
with @ap. As neither broadening nor splitting of the Ols
peak due to differences in preparation conditions was
observed, it seems that the chemical state of oxygen is
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common to all powders in this study. Hence, usage of Ols
peaks for calibration seems more reliable than usage of
Cls peaks, and the chemical state of the other elements is
characterized by E, difference between the focused ele-
ment and oxygen.

Next, we focus on the N1s core-level spectra. As shown
in Fig. 1, Negin P020 was very low; consequently, the N1s
peak intensity of P020 was very weak and was not avail-
able for discussion. Thus, the Nls spectra of P020 was
omitted from Fig. 2(c). For the other samples, the Nls
peak is located at approximately 397.5eV and exhibits a
very similar profile, indicating that the chemical states of
nitrogen in these samples are close to each other. If we
assume that energy calibration locating the Ols peak at
532 eV is quite reasonable, the observed N1s XPS signal is
very similar to that of crystalline silicon nitride, which
normally appears at Ey, ~ 398 eV.*”) Regardless of the Ei,
calibration issues, it is evident that the shapes of N1ls and
Ols peaks merely changed with @y, and that the differ-
ence between £}, of Ols and N1ls is constant in all samples.
Notably, the energy difference between N1s and Ols (134
eV) observed in this study is constant against variation of
@AM and is the same as that in other oxynitrides, such as
StNbO,N.3? In general, the XPS peak energies show an
obvious shift not only due to changes in the chemical state
but also due to a shift in the Fermi energy.’!-*? Thus, the
energy difference between Ols and Nls is a good measure
for the chemical state analyses of oxynitrides. Hence, we
can safely conclude that the chemical states of oxygen and
nitrogen are unchanged with @,y from the viewpoint of a
photoemission study. The value of N.g determined from
XPS measurements is shown in Supplemental Information
(Fig. S3). It was similar to Ny obtained from XRF mea-
surements, showing the increase of Ny with @ay. The
difference in the N ¢ behavior shown in Figs. 1 and S3 was
likely due to probing depth, high surface sensitivity of
XPS and choice of the relative sensitivity factors for
convertion of XPS peak intensity to composition.

As described above, the XRF analyses indicated an
excess of anions compared with those in the assumed
composition expressed by Eq. (1). Notably, the variation
of Neg with @,y determined by XPS (Fig. S3) was con-
sistent with that analyzed by XRF. Hence, the excess of
anions is a feasible characteristic of the powder prepared
with high @4y Assuming that Egs. (3) and (4) are appli-
cable, two or more types of oxygen and nitrogen are
present, for example, bridging oxygen, such as —Si—O-Si—,
and terminal oxygen, such as —Si—-O-H. However, the Ols
and Nls core-level spectra appeared to be of a single
origin. Tentatively, we assume that anions at different
coordination positions, such as the terminal and bridging
positions, cannot be resolved by the XPS core-level spec-
tra obtained in this study, and that the intensity of those
peaks represents the total concentration of the correspond-
ing elements.

While the Ey, difference between Ols and Nls was
merely changed with @4y, the XPS peak for some cationic
elements showed shift with @y Indeed, Ey of the Si2p

peaks shifted with @,y as shown in Fig. 2(d). Corre-
sponding to the monotonical increase in Ng with increas-
ing Pan, the Ey at Si2p peak showed monotonical shift to
the lower Ey, direction with the increase in @ay. This result
suggests that the chemical state of Si is strongly affected
by N, which reproduces the effect of N.g on the XPS
profile of oxynitride glasses, as shown in our previous
study on Si-Al-Sr-Eu-O-N glass films.3? As the present
study employs the Ols core-level for energy calibration,
the correct expression for the Si2p XPS peak is that the
energy difference between Si2p and Ols is parallel to that
between Si2p and Nls. This indicates that the ionicities of
Si—O and Si-N were enhanced with an increase in Ng.

In contrast to the behavior of the Si2p XPS peaks, the
Al2p peak profile [Fig. 2(e)] was almost the same for all
the samples, regardless of @5y When we carefully com-
pared the Al2p peak profiles, the effect of @4y onto the
peak profile of Al2p was found at the tail at a higher Ej,
side, as shown in the inset. It appears that the spectral tail
develops with an increase in @,y;. Because the presence of
a spectral tail in the Al2p region due to ammonolysis was
more evident in our previous study on Si—Al-Sr—Eu—O-N
glass films,>® the behavior of the spectral tail of Al2p
should be attributed to the effect of nitridation. Notably,
the effect of nitridation on the peak shape of Al2p, de-
velopment of tail at higher Ey direction with @y, was
opposite to that of Si2p shift to lower £, direction with the
increase in @5y The effect of @4y on the peak profile of
Sr3p at approximately E, = 280.5eV [Fig. 2(a)] seemed
to be rather similar to that of Al2p. The Sr3p peak ex-
hibited a slight shift to a higher £, direction with increas-
ing @a\. As the magnitude and direction of the peak shift
due to @4y were different from element to element, neither
charging nor the shift of Fermi level should be the reasons
for the XPS peak shift. Hence, the results suggested that
the chemical state of cations systematically changed with
the increase in N resulting from the increase in @py,.

Figure 3(a) shows 2°Si NMR spectra of the powder
prepared with different @4y As shown in this figure, the
spectral profile changed drastically with @y An excep-
tionally sharp peak found in the spectrum of P020 at
approximately —110 ppm was assigned to the crystalline
phase, cristobalite, formed during ammonolysis. As the
nitrogen content increases due to a large @4y, signals at
higher chemical shift become obvious and the whole
spectra becomes broad. Previous NMR studies of several
oxynitride and nitride compounds indicated that the 2°Si
spectra of the [SiO,N,] coordination structures showed a
larger chemical shift with an increase in the fraction of
nitrogen involved.? > According to those previous stud-
ies, the increase in Ny with the increase in @,y can be
attributed to the increase in both the population of
[SiO,N,] and y in [SiON,].

On the other hand, the profile of 2’Al NMR spectra
shows less obvious changes with N.g, as can be observed
in Fig. 3(b). As the peak at 52—-57 ppm has been identified
as tetrahedral [AlO,] coordination®®*” most of the alumi-
num is presumed to occupy tetrahedral sites coordinated
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—P020 — P100 —P300
P500 —P500SR
(@) [SiNyO,] 1 —I[SiNOg]

Intensity (a.u.)
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29Si chemical shift (ppm)

Intensity (a.u.)
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27 Al chemical shift (ppm)
Fig. 3. NMR signal of 2°Si (a) and ?’Al (b) of the synthesized
powder prepared under different ammonolysis conditions. The
powder was identified by Pn, where # is the flow rate of ammonia
(cm3/min) during ammonolysis.

with the four oxide ions. It is also notable that octahedral
[AlOg] and hexahedral [AlOs] are rarely formed, as
aluminum-oxygen polyhedra with higher coordination
numbers should cause peaks in the range of lower chemi-
cal shifts.”®

The XPS and NMR spectra of the samples are consis-
tent. In fact, the Al2p XPS spectra and 2’Al NMR spectra
did not show an obvious shift resulting from the increase
in N, whereas the Si2p core-level spectra and 2°Si NMR
spectra showed a shift with an increase in N.g. Hence, it
is evident that the chemical state of silicon is sensitive to
Negr, whereas that of aluminum rarely responds to changes
in N This tendency has been commonly observed in
previous studies on oxynitrides, including silicon and
aluminum. -6

Figure 4(a) presents the FT-IR spectra of the Si—O- and
Si—N-related modes. As shown in this figure, the spectra
appear to be composed of several peaks, denoted by bands
I-V. Peaks centered at approximately 1200 cm~! (band I)
and 1080 cm™" (band II) were assigned to the asymmetric
stretching mode of —Si-O-Si bonds,*>®¥ and the peak
centered at 800cm~' (band V) was also identified as a
symmetric bond stretching mode associated with the —Si—
O-Si-forming network structure in the glass.*¥ A compar-
ison between the FT-IR profiles of PwO and silica glass
indicated that bands II and V in the current samples pres-
ented obvious broadening owing to the addition of Sr and
Al. The peak denoted by band-III at approximately 960
cm™!, assignable to the stretching vibration of Al-O-Si
bonds,® could appear in the current samples. However,

—P020 — P100 —P300
P500 — P500SR
a M
_ 1(a) oy
3 L~ v
)
-~ -CH N
[0}
e _/J\/ . \/
i 7N\
o / \
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| PwO /] \/\/
L Silica glass \J
1500 1000 500
Wavenumber (cm™)
e -NH  Diamond -CH
3 | |
8 1
c I
[ I
o |
S ‘
3 ‘
< 0
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Wavenumber (cm™1)

Fig. 4. FT-IR spectra of the powder samples after ammonolysis
with different flow rates of the ammonia stream. The sample
identifier, Pn, indicates the powder prepared by ammonolysis
with flow rate of #» cm®/min. Lower wavenumber range measured
with the conventional transmission mode (a), and higher wave-
number range measured with the ATR mode with a diamond
prism (b).

the presence of band III was not evident because of the
broadening of band II. In addition to the aforementioned
vibrational modes, an additional mode, band IV, was ob-
served in these spectra. According to the literature, the
peak at approximately 900-950 cm ™!, that is, band IV, can
be assigned to the Si—N stretching mode.®*°” As the inten-
sity of band-IV seems consistent with N.g, the develop-
ment of the spectral intensity at approximately 900-950
cm™! can be reasonably attributed to the increase in the
population of the Si—N bond. These results are consistent
with the results of the XPS and NMR measurements,
which indicate that nitride ions preferentially form Si-N
bonds. Apparently, the broadening of the NMR signal due
to the appearance of the shoulder on the small chemical
shift side, the shift of the Si2p XPS peak to a lower E,
direction, and the shift of the FT-IR peak from 1080 cm™'
to a smaller wavenumber direction arise from the same
origin, the increase in nitrogen sitting as the nearest
neighbor to silicon.

In addition to the Si—O and Si—N related modes, a peak
at approximately 1400 cm™' was found in the FT-IR spec-
tra of P500 and PSOOSR as shown in Figs. 4(a) and 4(b).
Furthermore, broad but obvious peaks at approximately
3200-3600 cm™! were observed in the FT-IR spectra of
P500 and P500SR, as shown in Fig. 4(b). These peaks can
be assigned to hydrogen-related vibrational modes®?
originating from C—H, N-H, and O-H, as indicated in the
figure. As mentioned, actual oxygen partial pressure (Po;)



Journal of the Ceramic Society of Japan (2026), Advance Publication by J-stage

| JCS-Japan

13 14 —15 —16 —17
mZ __ 18 28 — 29 —31

109 b (a) P100

10-10F

101

109

u

N

<
>

N

<
N
2

S
2
‘@
c 1012
g PENLILRAN &
£
o 18 c) P500
gm-g 3 7 ©)
) 16 1+
1010k

15
101 'W 14

100 W48 (d) P500
101028
& 9 ¥

1011

-12
10 31

400 600 800
Temperature (°C)

Fig. 5. Thermal desorption spectra of P100 (a and b) and P500

(c and d). The powder was identified by Pn, where n (cm?/min) is

the flow rate of ammonia during ammonolysis. The arrows are

guides to eyes.

200

during ammonolysis was relatively high for smaller @5y
conditions, for example, @5y = 100. As shown in Fig. S2,
the concentrations of the residual hydrocarbons in P100
and P300 were reduced by combustion. Meanwhile, very
low Po, achieved by increased @4y should be a reason for
the significant amount of residual hydrocarbon. The pres-
ence of these C—H, N—-H, and O—H-related modes suggests
the modification of the glass structure by the formation of
hydrogen-terminated structures. This is consistent with the
XRF results obtained by assuming the splitting of the glass
network structure, as expressed by Egs. (3) and (4). Nota-
bly, our previous study®” also indicated the breakage of
the glass network structure by excess nitrogen.

Figure 5 shows the TDS spectra of the selected sam-
ples, where the recorded signals were labeled by the mass/
charge (m/Z) ratio as the output from the quadrupole mass
spectrometer. First, we focused on the behaviors of m/Z =
17 (violet) and 18 (red). Assuming that these two signals
are dominated by '°O'H and 'H,'%0, they must be parallel
to each other. As shown in Fig. 5(a), for P100, the profiles
of m/Z =17 and 18 were parallel to each other, and their
intensity ratio was close to 1:2 over the entire tempera-
ture range. This indicated that these two signals could be
attributed to water desorption. However, in Fig. 5(c) for

P500, the profiles of m/Z =17 and 18 are not parallel to
each other, and the intensity of m/Z =17 is higher than
that of m/Z = 18 in most temperature ranges. This sug-
gested that the signal for m/Z =17 from P500 was not
dominated by "H'®O.

By contrast, the profiles of m/Z = 14 (yellow) and 15
(green) provide hints for identifying the TDS profiles. For
the P100 powder shown in Figs. 5(a) and 5(b), the spectral
features of m/Z = 14 and 15, such as the peaks denoted by
arrows, are also observed in the signal for m/Z = 13, 29,
and 31. Because m/Z = 13, 29, and 31 can be attributed to
12clH, 2C,'Hs, and '*C'H;'¢0, respectively, it is pre-
sumed that the signals for m/Z = 14 and 15 in Fig. 5(a)
are dominated by hydrocarbons, that is, CH, and CH;. By
contrast, in the P500 shown in Figs. 5(c) and 5(d), the
behavior of m/Z =14 and 15 looks similar to that of
m/Z = 17 but dissimilar to that in m/Z = 13, 29, and 31.
This indicated that the signals for m/Z =14 and 15 in
Fig. 5(c) were not dominated by hydrocarbons. It is rea-
sonable to conclude that the signals for m/Z = 14, 15, and
17 from P500 originate from '*N, '“N'H, and '“N'Hj,
respectively. Hence, both P100 and P500 contain —CH,,
groups, and P500 specifically contains —NH,,, groups.

The intensities of the nitrogen-related signals (m/Z =
14, 15 and 17) in Fig. 5(c) were more than one order of
magnitude higher than those of P100 over the entire tem-
perature range, but did not show any obvious peaks (tem-
perature dependency). As most of the nitrogen in P500
forms Si—-N bonds, as indicated by the FT-IR and NMR
measurements, the very high nitrogen desorption signal
can be attributed to the breaking of Si—N bonds. As the
intensity of the nitrogen-related signals from P500 was
relatively high, even at relatively low temperatures, it is
presumed that some of the Si—N bonds formed in P500 are
thermally unstable. As nitrogen-related desorption contin-
ued at higher temperatures and no obvious peaks were
observed, it also indicates that the nitrogen desorption rate
from P500 was limited by the rate of out-diffusion in P500.
It is likely that various types of Si—N bonds exist in P500.

Subsequent XPS measurements of the PSOOSR powder
after the TDS measurements showed that the nitrogen
concentration decreased during the TDS measurements.
The Ngg value of P500SR after TDS measurement was
determined to be 34 % by XPS, whereas that before TDS
measurement was 38 %. Although obvious desorption of
nitrogen-related fragments was observed in the TDS pro-
file, as described above, the amount of desorption during
TDS was limited. A characteristic feature of the powder is
that an excess of anions remained in the powder after TDS.
The TG/DTA measurements (not shown) also indicated
weight loss of P500 and P500SR. The magnitude of the
weight loss was only a few percentages of the initial
weight. Such a weight change was not sufficiently large to
suppress excess anions in the powders. Hence, it was
confirmed that excess anions remained even after thermal
analysis at high temperatures. The quantity of residual
organic components is also an important parameter for
characterizing the gel ammonolysis process. Although the
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desorption of hydrocarbons during TDS measurements
is evident and the FT-IR signal originating from hydro-
carbons was observed, we do not have sufficient results to
discuss the amount of residual hydrocarbons with reason-
able accuracy.

Summarizing the above presented results, it is evident
that nitrogen was successfully incorporated into the pow-
der by ammonolysis and that P100 and P300 were likely
stable oxynitride glasses. Although TDS indicated the
presence of reaction residues in these three powders, the
magnitude of the weight change measured by TG was
negligible, and the 2°Si NMR signal was relatively sharp
for these three powders. The P020 powder also appeared
to be a stable oxynitride, but crystallization during ammo-
nolysis and its low Ng are not very suitable for quanti-
tative discussion. Meanwhile, a tread-off in ammonolysis
process was highlighted in the sample prepared with high
®anm. Incorporation of nitride ion into the gel was evi-
dently enhanced by employing high @A\ conditions, but it
was indicated that obvious anion-excess was achieved by
employing high @ay.

The very high Ny of PSOOSR, which was prepared with
a very slow ramping rate during ammonolysis, must also
be highlighted. In our previous study,>® the effect of the
ammonolysis duration on oxynitride glass formation was
investigated, and it was found that a shorter ammonolysis
period resulted in a higher Ng. In the present study, the
slow ramping rate at the initiation of ammonolysis dras-
tically increased Ng. Those results indicate that the incor-
poration of nitride ions was a rapid reaction in the gel.
However, it appears that nitride ions introduced in the
early stages of ammonolysis inhibit the formation of stable
oxynitride glass structures. We speculate the following
reaction:

[-Si—(NH,,)] + [(NH,,)-Si-]
— [-Si-N-=Si-] + SNH,. )

The reaction expressed by Eq. (5) assumes that struc-
tures terminated by the N-H groups, such as —Si—(NH,),
were formed at the early stage of nitridation, and that the
N-H groups are decomposed to form bridging nitrogen
(-Si-N-Si-) for polymerization at higher temperatures.
The results of XRF measurement for PSOOSR (Table S2)
indicated presence of hydrogen in the powder after ammo-
nolysis as mentioned above. We considered very slow
diffusivity in nitrides and oxynitrides compared to oxides.
That should be the case for bulk solid glasses. The current
study applies ammonolysis to the gel before polymeriza-
tion. This is a key for understanding the very quick in-
crease of nitrogen concentration in the present study. The
microstructure of the gel, very fine grains with relatively
high specific surface area (Fig. S4 in the Supporting Infor-
mation) should also be a reason for the very fast nitrogen
insertion behavior. Those should be the causes for forma-
tion of the structure terminated by —Si—(NH,,) at the early
stage of ammonolysis.

As the spectral profile of XPS [Fig. 2(d)], NMR
[Fig. 3(a)], and FT-IR [Fig. 4(a)] indicated monotonical

increase of Si—N bond density with N.g, but it seems those
method did not distinguish if Si-N bonds were involved
in —Si—(NH,,) or —Si—N-Si—. Hence, it is a very important
indication that not only XPS, NMR, and FT-IR but also
some additional characterizations are needed to character-
ize oxynitride glasses in detail.

From these considerations, we speculate that a suffi-
ciently long thermal relaxation time is necessary for com-
pleting polymerization to form stable oxynitride glass
structures. Indeed, Eq. (5) assumes the presence of two
near-terminal structures. When a single terminal structure
exists alone and is surrounded by relatively stable bridging
structures, the simple removal of the —-NH,, groups results
in the formation of dangling bonds. It is likely that a large-
scale reconstruction of the glass structure is necessary to
remove the terminal structures when the distance between
them is relatively large. Hence, the present results suggest
that a nitridation strategy is important for the efficient
production of oxynitride glasses with highly stable struc-
tures by polymerization, as it seems that strong nitridation
results in the formation of many terminal structures, such
as Si-NH,, which are not easily removed once formed.
Hence, the introduction of nitride ions without the forma-
tion of a metastable terminal structure is essential for the
efficient production of oxynitride glasses by ammonolysis.

In terms of process optimization for efficient oxynitride
formation, it is useful to use a gas mixture for ammonol-
ysis. As can be observed in Fig. S2, the decomposition
rate of ammonia strongly depends on ®ap. Ammonia
cracking is known to be a slow reaction.”” As previously
mentioned, it is possible that the residual oxygen gas in the
furnace plays an important role in nitridation and polymer-
ization. The hydrogen gas concentrations are not shown in
Fig. S2 because of instrumental limitations. However, the
presence of hydrogen due to the decomposition of ammo-
nia must affect the formation of hydrogen-terminated
structures. Hence, consideration of the dynamics of ammo-
nia cracking, not only due to the reacting power but also
due to furnace materials, is needed for designing efficient
nitridation without forming hydrogen-terminated struc-
tures and for the polymerization of the oxynitride glass
structures.

Regarding the optical properties, all the powders
showed broadband green luminescence upon excitation
with ultraviolet light after ammonolysis, as shown in
Fig. 6(a). The observed PL and PLE profiles indicate that
divalent Eu ions (Eu®*) act as luminescence centers. Inter-
estingly, the PLE profile of the powder not prepared by
ammonolysis but by heating in a hydrogen atmosphere
showed a PLE profile almost equal to that of the other
nitrogen-containing powders. However, the shape of its PL
spectrum was different from that of the other powders. In
fact, the PL bandwidth of PwH was much narrower than
that of the powder after ammonolysis.

These results provide two indications: the excited states
of Eu?* ion in oxide glass that contribute to radiative
recombination are very similar to those in oxynitride glass,
and the radiative recombination process of Eu>* in oxide
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glass is different from that in oxynitride glasses. As the tail
of the PL spectra at the larger wavelength side is mostly
caused by interactions with the vibrational mode,”'~"® the
difference in the PL bandwidth between the PwH and
oxynitride glasses was likely due to changes in the coor-
dination structure around Eu®*. Although the N.g in P020
was considerably lower than that in P300, the PL peak
wavelengths and bandwidths of P020 and P300 were
nearly identical. This result indicated that the coordination
structure of the radiative Eu?* center was highly specific.
Because of the dissimilarity between the PL profiles of
PwH and P020, the radiative Eu>* center formed in P020
should have different coordination structures. The PL and
PLE spectra of P020 and P300 were similar, although the
XPS, NMR, and FT-IR spectra of the two powders exhib-
ited dissimilar profiles. It means that Si-N bonds were
changed according to @,y but the luminescence profile
remained unchanged. These results indicate that only Eu
ions with specific coordination structures involving nitride
ions become radiative Eu?>" centers. Notably, the PL pro-
file of PSOOSR was much broader than those of the other
oxynitride glass powders. This may indicate that the radi-
ative recombination process at the Eu>* ion was affected
by the presence of thermal structures, such as —Si—N—H.
Figure 6(b) shows the IQE of the Eu?* luminescence in
the powders prepared under different ammonolysis con-
ditions. Notably, the IQE seems to reach a maximum in the
Neg range of 10-20 %. As mentioned above, the chemical
state of Si exhibits systematic changes corresponding to
Neg. However, the luminescence efficiency exhibits a dif-
ferent trend from that of N,y Hence, the degree of nitri-
dation and modification of the chemical state of Si are not

simple measures for enhancing the radiative recombina-
tion at the Eu?t center. In addition, the IQE of P500SR
was significantly lower than those of the other powders.
Furthermore, the PL spectrum of PSOOSR was significantly
broader than those of the other powders. It can also be
presumed that a high concentration of —Si-NH,, causes
luminescence quenching of the Eu’* centers.

Before concluding the discussion, the prospective strat-
egy for efficient luminescence with Eu?* centers should be
mentioned. Because the maximum IQE in the previous
study®? was obtained after long-term thermal treatment of
the film with a relatively low Ny, we can expect that a
longer ammonolysis period with suitable nitridation activ-
ity, likely a condition for P100 or P300, may enable us to
obtain a higher IQE of Eu?* luminescence.

4. Conclusion

We examined the synthesis of Si—Al-Sr—Eu—O-N glass
powder using a sol—gel process followed by ammonolysis.
It was indicated that a relatively high ammonia flow rate,
@A\, in ammonolysis and ammonolysis at a relatively low
temperature induced higher Ny in the resultant glasses.
The results of NMR measurements indicated that the
nitride ion incorporated in the oxynitride glass was the
nearest neighbor to silicon, and XPS results suggested that
the chemical state of silicon is highly sensitive to N
However, the chemical composition analyzed by XRF
showed an obvious anion excess, indicating the formation
of terminal structures in the form of —Si—CH,, and —Si—
NH,,. The presence of those terminal structures was con-
firmed by FT-IR measurements. Subsequent thermal anal-
ysis indicated that glass with a high N is thermally unsta-
ble and undergoes thermal decomposition, and that com-
plete removal of these terminal structures takes time. The
obtained results suggest a strategy for enhancing the Eu>*
luminescence in oxynitride glass, that is, the removal of
excess anions, which is likely due to the presence of N-H
components. For the utilization of oxynitride glasses in
practical applications, it has been suggested that a nitrida-
tion process contributing to polymerization involving
nitride ions without the formation of terminal structures
such as —Si—NH,,,, is highly desirable. We expect that fur-
ther consideration for controlling the nitridation atmos-
phere, such as the use of a gas mixture for simultaneous
control of the oxygen partial pressure and nitridation activ-
ity, will enable the efficient production of highly function-
alized oxynitride glasses.
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