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Enhanced ultraviolet emission and its irreversible temperature
antiquenching behavior of twofold coordinated silicon centers

in silica glass
Yu Nagayoshi and Takashi Uchino®

Department of Chemistry, Graduate School of Science, Kobe University, Nada, Kobe 657-8501, Japan
(Received 28 July 2016; accepted 21 October 2016; published online 1 November 2016)

It has been well documented that an oxygen divacancy center, or a twofold-coordinated Si center,
in silica glass yields a singlet-to-singlet photoluminescence (PL) emission at 4.4 eV with a decay
time of ~4ns. Although the 4.4-eV PL band is interesting in terms of a deep-ultraviolet light
emitter, the emission efficiency has been too low to be considered for a practical application. In
this work, we show that a highly luminescent silica glass, with an internal quantum yield of 68%
for the 4.4-eV PL band at room temperature, can be prepared when micrometer-sized silica pow-
ders are heat treated at ~1900 °C under inert gas atmosphere by using a high-frequency induction
heating unit equipped with a graphite crucible. We also show that the intensity of the 4.4-eV
emission in the thus prepared silica glass exhibits an irreversible temperature antiquenching
behavior in the temperature region below ~320 K during heating-cooling cycles. The anomalous
temperature dependencies of the 4.4-eV emission can be interpreted in terms of thermally acti-
vated trapping-detrapping processes of photoexcited electrons associated with deep trap states.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4966952]

Amorphous silica (or glassy silica, g-SiO5,) is one of the
most extensively studied oxides in condensed matter physics,
materials science, and related engineering fields.' This is
because it not only provides a model for disordered amor-
phous systems,” but it also finds widespread industrial
applications ranging from electronic devices® to state-of-the-
art optical communication systems.”® It has been recognized
that electrical, optical, and mechanical properties of g-SiO,
are governed by the quantity and quality of intrinsic and/or
extrinsic defects introduced during the fabrication process.
Thus, the structure and properties of defect centers in g-SiO,
have been investigated previously by many researchers both
by theoretical and experimental means.”'?

Among other defect related properties in g-SiO,, the
optical absorption at ~5eV and the related photolumines-
cence (PL) at 4.4 and 2.8 eV have been extensively studied
during the past decades.'*™'? Although several models have
been proposed previously, it is now commonly accepted that
twofold-coordinated Si centers are responsible for these
absorption and emission bands.?** According to Skuja,'®*°
the basic optical properties of the twofold-coordinated defect
centers can be explained by the simplified energy level
scheme of a singlet ground state (Sp) and excited triplet (T;)
and singlet (S;) states. That is, the twofold-coordinated Si
gives rise to the singlet absorption band (So—S;) at ~5eV
and the singlet (S;—Sp) and triplet (T;—S,) luminescence
bands at 4.4 and 2.8 eV, respectively. In view of applications,
the S;—S, emission at 4.4eV, which is the dominant emis-
sion component at room temperature, would be of potential
interest in producing deep-ultraviolet (UV) emitting materi-
als. However, the efficiency of the S;—S, emission at 4.4 eV
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is generally too low at room temperature to be seriously con-
sidered for practical applications.

To overcome these problems, we propose here a method
to increase the emission efficiency of two-fold coordinated
Si centers in g-SiO,. We have previously demonstrated
that the high-frequency induction heating, when combined
with a graphite crucible, is useful to introduce a large
amount of oxygen vacancies in refractory oxides such as
sapphire (2-Al,03)***° and magnesium aluminate spinel
(MgAl,04).?® The graphite crucible is used not only as an
electrically conductive object for induction heating but also
as a reducing agent. Thus, it is expected that this induction
heating method is effective in introducing oxygen vacancies,
including twofold-coordinated Si, in g-SiO, as well. In this
work, we show that the emission quantum efficiency of the
4.4-eV band can be raised to ~70% when silica powders are
heat-treated under inert atmosphere at ~1900 °C by the high-
frequency induction heating method. We also demonstrate
that the present sample exhibits an irreversible temperature
antiquenching behavior of the 4.4-eV PL band. Such hyster-
etic temperature dependence is interpreted in terms of the
thermally activated trapping/detrapping processes of photo-
excited electrons in some deep traps.

We used high-purity g-SiO, powders (purity 99.999%
and average particle size 63 um, Kojundo Chemical
Laboratory Co., LTD) as starting materials. We heated the
g-Si0, powders (~0.2 g) under a flowing inert gas (N, or
Ar) atmosphere in a graphite crucible by using a high-
frequency induction heating unit, which is rated at 4kW at a
maximum frequency of 420kHz. Heating under an inert
atmosphere along with the use of a graphite crucible is the
requisite to achieve highly reducing conditions during induc-
tion heating. The heating temperature was raised up to
~1900°C at a rate of ~500°C/min and maintained at the

Published by AIP Publishing.
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FIG. 1. (a) XRD pattern and (b) Raman spectrum of the induction-heated g-
SiO..

same temperature for 2—3 min. The temperature of the sys-
tem was monitored with a radiation thermometer. After the
heating process, the system is naturally cooled to room tem-
perature. As a result, a white opaque disk-shaped sample
with a diameter of ~10mm and a thickness of ~1 mm was
obtained. We found that the structural and optical properties
of the sample do not depend on the gas environment used for
induction heating. Thus, in what follows, we will mainly
show the results of the sample prepared under N,
environment.

Powder X-ray diffraction (XRD) patterns of the ground
sample were obtained with a diffractometer (Rigaku,
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SmartLab) using Cu Ko radiation. Raman spectra were mea-
sured with a Raman microscope (JASCO NRS-7100) at
room temperature using a 532 nm line laser as an excitation
source. Photoluminescence (PL) spectra were recorded on a
spectrofluorometer (JASCO, FP 6600) with a monochro-
mated xenon lamp (150 W). During the PL measurements,
the sample temperature was controlled in a closed-cycle
N, cryostat under a vacuum of 10Pa in the temperature
region from 78 to 500 K. The absolute PL quantum yield was
obtained at room temperature with an integrated sphere sys-
tem (Otsuka Electronics, QE-2000).

Figure 1 shows the XRD pattern and Raman spectrum of
the g-SiO, sample after induction heating. The XRD pattern
(Fig. 1(a)) shows a diffraction halo characteristic of glassy
materials. Furthermore, the position and line shape of the
Raman spectrum (Fig. 1(b)) are similar to those reported pre-
viously for g-Si0,.2”"?’ Thus, we confirmed that the present
sample is in the form of g-SiO, even after the induction heat-
ing process. We next investigate the PL properties of the sam-
ple. Although the as-received raw g-SiO, powders hardly
show any emission under UV excitation, as shown in the inset
of Fig. 2(a), the induction-heated g-SiO, sample exhibits an
intense PL band at 4.4eV, which is supposed to result from
the S;{—S, emission of twofold-coordinated Si, under excita-
tion with photons of 4.9eV. To further characterize the 4.4-
eV PL band of the induction-heated sample, the temperature
dependent PL and PL excitation (PLE) spectra were measured
on heating from 78 to S00K (see Figs. 2(a) and 2(b)). One
sees from Fig. 2(a) that in addition to the 4.4-eV PL band, the
2.8-eV PL band, which is attributed to the T;—S, emission of
twofold-coordinated Si,'®?° is developed in the temperature
region above ~300K under 4.9-eV excitation. It should be
worth mentioning that the internal and external quantum
yields of the 4.4eV PL band are 68% and 55%, respectively,
at room temperature. This suggests that a large amount of
twofold-coordinated Si centers are introduced into the silica
glass network during the induction heating process although
its exact quantification is not possible at present.

To further explore the emission characteristics of the
2-Si0, sample, the temperature dependence of the 4.4-eV
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PL band was measured in both the heating and cooling direc-
tions. For that purpose, we first cooled the sample down to
78K in a dark environment and the PL spectra were mea-
sured on heating from 78 to 500 K. After the heating process,
the sample was cooled from 500 to 78 K to measure the tem-
perature dependent PL spectra during cooling. Figure 3(a)
shows the peak intensity of the 4.4-eV PL band as a function
of temperature measured in the heating and cooling
directions.

To begin with, we analyze the change in the PL intensity
with temperature during the heating process. As shown in
Fig. 3(a), the 4.4-eV PL band shows a constant decrease in
intensity with increasing temperature from 78 to ~250K. As
the temperature increases above 260K, however, the PL
intensity shows an increase and then reaches the maximum
at a temperature of ~320K. At temperatures above ~320K,
the PL intensity decreases once again. The observed irregular
temperature dependence is different from that reported previ-
ously for the 4.4-eV PL band in g-SiO,, where the peak
intensity shows a monotonous decrease or a normal thermal
quenching in a wide temperature region from ~100 to
~A00 K 13:16:20.30

Next, we investigate the temperature dependence in the
cooling direction. Figure 3(a) shows that the PL response in
the 320-500 K temperature range is quite reversible. In the
cooling process, however, the PL intensity continues to rise
with decreasing temperature down to ~280 K, followed by a
slight decrease in intensity on further cooling (temperature
antiquenching). Thus, the present induction-heated sample
exhibits an irreversible temperature antiquenching behavior.
When the temperature of the system goes below ~200 K, the
PL intensity reaches an almost constant value. Note also that
the PL intensity at 78 K obtained after the cooling process is
lower than the starting value obtained initially at 78 K (see
also the corresponding PL spectra shown in Fig. 3(b)). To
confirm whether this difference results from the history of
light irradiation, the sample was reheated up to 320 K, which
is within the reversible temperature region, and was subse-
quently cooled to 78 K under dark condition; then we carried
out the PL. measurement at 78 K once again. We found that
the resulting PL spectrum is almost identical to the initial PL
spectrum observed at 78 K (see Fig. 3(b)), indicating that the
previous irradiation history is erased when the temperature
of the system is increased to 320 K.

It has been well recognized that multiphonon relaxation,
in which the energy gap between the excited state and the
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ground state is bridged by the simultaneous emission of pho-
nons, is a major emission quenching process.”' This process
is, in principle, reversible with temperature, and will not
account for the irreversible PL behavior observed in this
work. Another principal process for emission quenching
results from thermally activated photoionization, which is
induced by escape of a charge carrier from an emission cen-
ter by thermally activated ionization.”! When the escaped
charge carriers are captured by some deep traps, the related
luminescence becomes weakened or quenched. Since the
number of charge traps may depend on the previous thermal
and irradiation history, the resulting PL signals could be irre-
versible with temperature,®” even leading to irreversible tem-
perature antiquenching, as observed in some core-shell
quantum dots.*?

We hence consider that the irreversible temperature anti-
quenching behavior observed in this work can also be inter-
preted in terms of the thermally activated trapping/
detrapping processes associated with certain deep traps. A
schematic representation of the energy levels for the ground
and excited states of the twofold-coordinated Si and the
related deep trap states is shown in Fig. 4(a). It would be rea-
sonable to assume from Fig. 4(a) that the activation energy
of photoionization (AE,) is larger than that of detrapping
(AE,) from deep traps. Bearing this in mind, we depict in
Fig. 4(b) a semi-quantitative description of the number of
trapped electrons accumulated in the sample during the heat-
ing and cooling procedures.

When the sample is first cooled to 78 K under dark con-
ditions, as in the case of the present experiments, the number
of trapped electrons will be negligibly small (see point A in
Fig. 4(b)). As the temperature of the system increases, the
rate of thermally activated photoionization will increase,
and, accordingly, an increasing number of escaped electrons
are trapped and accumulated at deep trap states (see point B
in Fig. 4(b)). This will (partly) account for the PL thermal
quenching in the 78-250 K temperature range during heating
shown in Fig. 3(a). At higher temperatures (7' = 260 K), how-
ever, the trapped electrons will begin to be detrapped with
the help of thermal energy (see points C, D in Fig. 4(b)) and
will be returned to the emission center to eventually contrib-
ute to the 4.4-eV PL emission. The observed temperature
antiquenching in the 260-320K range during heating can
thus be explained in view of the thermally activated detrap-
ping process. At temperatures higher than ~320 K, the num-
ber of trapped electrons will remain a constant low (near

— (1) initial state

— (2) after heating-cooling FIG. 3. (a) Temperature dependence of
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heated g-SiO, during a heating-cooling
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room temperature to 78 K under dark
condition. (b) 78 K PL spectra for the
sample with different thermal histories:
(1) initial as-cooled state, (2) after the
heating-cooling cycle, and (3) after the
heating-cooling cycle and the subse-
quent post-heating at 320 K.
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FIG. 4. (a) A schematic representation of the energy levels for the ground
(So) and excited (S;) states of the twofold-coordinated Si and the related deep
trap states. (b) A semi-quantitative description of the number of trapped elec-
trons accumulated in the sample during the heating-cooling cycle.

zero) value (see points D, E in Fig. 4(b)) because the rates
of photoionization and detrapping events could become com-
parable at such high temperatures. As a result, multiphonon
relaxation governs the entire nonradiative recombination
process, explaining the reversible temperature quenching
behavior in the ~320 to 500K temperature range shown in
Fig. 3(a).

According to the above scheme, it is natural to expect
that the PL intensity measured on cooling just below ~320K
is higher than the corresponding PL intensity measured on
heating. This is because in the temperature region just below
~320K, the number of trapped electrons created during
cooling will be much smaller than the one accumulated dur-
ing heating (see point F in Fig. 4(b)). Upon further cooling,
however, an appreciable amount of trapped electrons will be
accumulated even on cooling (see point G in Fig. 4(b)) since
the photoionization event with a lower activation energy
begins to prevail over the detrapping event with a higher
activation energy with decreasing temperature. This will
lead to a temperature antiquenching as in the case of the
heating process although the temperature at which the PL
intensity becomes maximum will be different between the
cooling and heating directions, as observed in Fig. 3(a). In
the temperature region below 150K, the number of trapped
electrons accumulated during cooling will be higher than
that during heating (see point H in Fig. 4(b)). This will
account for the reason why the PL intensity obtained on
cooling below 150K is lower than that obtained on heating
(see Fig. 3(a)). If this scheme holds, the PL intensity of the
thus cooled sample will be recovered to the initial value by

Appl. Phys. Lett. 109, 181103 (2016)

reheating the sample at temperatures above ~320K. This is
because, according to the scheme shown in Fig. 4(b), heating
at temperatures above 320 K will reset the number of trapped
electrons to zero, erasing the previous light irradiation his-
tory. As shown in Fig. 3(b), the recovery of the PL intensity
was indeed observed after reheating the sample at 320K,
supporting the validity of our model.

In summary, we have shown that the induction heating
with a graphite crucible under inert atmosphere is a simple
but useful method to obtain highly UV luminescent g-SiO,.
The emission center responsible for the UV PL band is
twofold-coordinated Si, showing the efficient S;—S, lumi-
nescence band at 4.4eV under excitation with ~5-eV pho-
tons. The room-temperature internal and external quantum
yields for the 4.4-eV PL band are 68% and 55%, respec-
tively. We have also found that the 4.4-eV PL band shows
irreversible temperature antiquenching behaviors in the tem-
perature region below ~320K, indicating that the PL inten-
sity is affected not only by temperature but also by light
irradiation history. Thermally activated photoionization and
the related charge trapping/detrapping events related to deep
trap states are likely to be responsible for the irreversible
antiquenching phenomena.
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