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The results of the optical spectroscopy of twofold coordinated silicon centers — ODC(II) in quartz and cristobalite
glasses are presented. The luminescence and excitation spectra attributed to different local symmetry of ODC(II)
were investigated under synchrotron excitation in the VUV region. The observed differences in the luminescence
and excitation spectra of ODC(II) are caused by the environment and, therefore, short-range order in the samples.

1. Introduction

The study of localized electronic excitations in disordered materials
is essential for understanding of the mechanisms of the formation of
short-range within the basic unit of SiO4 tetrahedra and intermediate-
range orders. Some basic properties of the excitations, such as the
structure of their excited states, are mainly determined by short-range
order. Therefore, optical spectroscopy techniques are the sensitive
method to determine the changes in the short-range order in glasses
[1-4].

One of the widespread local defects in silica glasses is the twofold
coordinated silicon centers — ODC(II), which are detected by the ab-
sorption band at 5.0 eV [5]. These defects can be observed in irradiated
glasses [3], and affected by a heat treatment in reduced atmosphere or
silicon vapor [6-8]. The samples containing ODC(II) exhibit the char-
acteristic luminescence bands at 3.2 and 4.3 eV which are associated
with triplet-singlet and singlet-singlet transitions in ODC(II), respec-
tively [3]. In the case of silica doped with germanium, the luminescence
of Ge-ODC(II) or GLPC can also be observed in the same spectral region,
and these glasses are widely studied elsewhere [9]. It has also been
shown that the spectral position of the luminescence bands as well as
their halfwidth are strongly dependent on a local environment of the
ODC(II) [8,10-13].

At room temperature, the triplet-singlet band peaking at 3.2 eV is
usually more intense than the singlet-singlet band at 4.3 eV. However,
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the intensity of the triplet-singlet band can be decreased as a result of
chemical or radiation treatment of glasses [2,14,15].

In several studies was found that a glass can inherit intermediate-
range orders during its formation [16]. The positions of the lumines-
cence, absorption, and excitation bands of ODC(II) behave similarly in
glasses and in single crystals with similar structure [1,17]. On the other
hand, the peak position of absorption bands, especially the high-energy
bands are often determined by the local environment of the ODC(II) [8,
11,18,19]. Thus, the optical properties of these centers can be used as a
probe that shows the change in the short-range order in the glass
depending on, for example, the phase composition of the raw materials.

In this work, we studied the luminescence properties of ODC(II)
centers in quartz and cristobalite glasses. Cristobalite glass is more
resistant to crystallization than quartz glass [20]. Earlier in [21] it was
shown that E’ centers have a different structure in irradiated cristobalite
in comparison with quartz glasses. This fact could be explained by the
difference in short-range order in the samples. In this study, the lumi-
nescence characteristics of cristobalite and quartz glasses are investi-
gated under vacuum ultraviolet (VUV) excitations to reveal the
difference in short and medium range order in these two modifications
of glasses.
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2. Methodology
2.1. Synthesis

Polycrystalline natural quartz from Bural Sardyk deposit was used as
a raw material. Bural-Sardyk is located in the East Sayan Mountains and
contains very pure polycrystalline quartz [22,23]. The raw material
consists of grains of alpha quartz having an average size of 100 ym. The
impurities of hydroxyl groups and water have not been found in the raw
material [24]. It was chemically enriched and contains no more than 10
ppm of metal impurities according to ICP-MS analysis [20]. The con-
centration of Al is less than 1 ppm according to electron paramagnetic
resonance (ESR) analysis. The concentration of Ge impurity is about 1.4
ppm [23] obtained by ICP-MS. According to powder XRD, the sample
contains only a-quartz. This raw was used to make a silica glass, denoted
as the sample A.

Another glass sample was prepared from the raw material, which
was exposed at a temperature of 1450 °C for 48 hours and cooled down
to room temperature. According to the powder XRD, the content of
p-cristobalite increases significantly up to 80%, while the content of
a-quartz decreases to 20% of the entire phase composition in the raw
material.

It was used to produce glass, which we refer as the sample B. Varying
the heating time in the range 24-48 hours at temperature 1450 °C led to
the change of relationship between phases of g-cristobalite and a-quartz
in the raw material.

The melting of the raw material was produced in graphite crucible
using graphite heater element in the reducing atmosphere to create a
large amount of ODC(II) in silica glasses.

2.2. X-ray diffraction

X-ray diffraction (XRD) patterns were obtained at room temperature
on a Bruker D8 ADVANCE powder diffractometer (Cu — K1 42) radia-
tion, 40 kV, 40 mA) with a linear VANTEC detector. The patterns were
obtained between 20 5° and 70° with the step size 0.02°, and the
counting time at about one second per step. Powder samples for mea-
surements were prepared by packing and leveling in a special cuvette.
All peaks of the powder X-ray diffraction pattern were indexed and
several phases were identified, i.e. quartz and cristobalite (Figure 1S in
the Supplementary materials). The structural models of these phases
from the TOPAS structural database (Release 2006) available in the PC
software package DIFFRAC-PLUS supplied from Bruker were taken as a
starting for the multiphase Rietveld refinement method [25]. A quan-
titative analysis was performed by means of TOPAS 4.2 [26] software
package. Refinements were stable and gave relatively low R-factors
(5.0-6.1%). The TOPAS 4.2 was also used to determine the crystallinity
index of samples. The amorphous component of the diffraction patterns
was considered as the glass phase. The halo of the reflection corre-
sponding to diffuse scattering was described independently in the form
of some bell-shaped function. The Pseudo-Voigt line shapes were used
for both crystalline and amorphous phases. A three-parameter of 2nd
order polynomial function was utilized for the background curve. The
degree of crystallinity was calculated from the area of the crystalline
phase divided by the total area of crystalline and amorphous phases. The
measured patterns were refined without any corrections or other pro-
cessing; Lorentz-polarization, absorption, and sample displacement
corrections were applied to the calculated patterns.

2.3. Spectroscopy

The samples have been cut in 2 mm thickness plates and polished for
optical experiments. The absorption spectra are obtained using a Perkin-
Elmer Lambda 950 UV/VIS/NIR spectrophotometer at 300 K. The
photoluminescence spectra under UV excitations at room temperature
were measured on a Perkin-Elmer LS-55 spectrofluorimeter.
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Fig. 1. Photoluminescence spectra of the sample A (curve 1) and the sample B
under 5.15 eV excitation (curve 2) and excitation spectra of the sample B (curve
3) and the sample A (curve 4) monitored at 4.3 and 3.2 eV, respectively. Dashed
curve 5 is the absorption spectrum. All measurements are at room temperature.
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Fig. 2. Temperature dependences of luminescence bands at 3.2 eV (curve 1,
blue squares), 4.3 eV (curve 2, black circles), and 2.4 eV (curve 3, red asterisks)
in the sample A and temperature dependence of 4.3 eV (curve 4, empty circles)
and 3.2 eV (curve 5) luminescence bands in the sample B. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

The temperature dependences of photoluminescence spectra (10-
300 K) were measured in a closed-cycle helium cryostat under a
deuterium lamp Hamamtsu L7292 excitation using a VMR-2 mono-
chromator (LOMO) with a diffraction grating of 1200 lines per mm and
4 mm slits. The luminescence was registered using a MDR2 grating
monochromator with a diffraction grating of 1200 lines per mm and 2
mm slits. A photomultiplier module Hamamatsu H6780-04 was used as
a photodetector.

The luminescence experiments under VUV excitations were per-
formed using synchrotron radiation from 1.5 GeV storage ring of MAX IV
synchrotron facility (Lund, Sweden). The luminescence experiments
under synchrotron radiation excitations are a powerful tool for the study
of wide band gap materials including glasses [27-29]. The experiments
have been carried out at the photoluminescence endstation of FinEst-
BeAMS beamline. The parameters of the beamline and the experimental
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Fig. 3. Excitation spectra in VUV spectral region of the sample A monitored at
3.2 eV (curve 4) and 4.3 eV (curve 3) and the sample B monitored at 3.2 eV
(curve 1) and 4.3 eV (curve 2) measured at room temperature.
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Fig. 4. Photoluminescence spectra of the sample A (curve 1) and the sample B
(curve 2) under 7.5 eV excitation at 10 K.

characteristics of the endstation have been reported in details elsewhere
[30-33].
The error bars in all figures are all smaller than data point symbols.

3. Experimental results

The Fig. 1 shows the luminescence and absorption spectra for the
samples A and B. The photoluminescence bands peaked at 3.2 and 4.3 eV
under 5.15 eV excitations are observed in the samples A and B. The
optical absorption spectra of the samples exhibit the absorption band
peaking at 5.1 eV and the weaker band at about 3.1 eV.

In the sample A the luminescence band at 3.2 eV is more intensive
than the band at 4.3 eV. Conversely, in the sample B the intensity of the
luminescence band at 4.3 €V is higher than at 3.2 eV. Furthermore, in
the sample B the excitation peak of the 4.3 eV band is slightly shifted to
the lower energy region and located at about 5.03 eV (Fig. 1).

After cooling down the intensity of the 3.2 eV emission band is
decreased with increasing intensity of the 4.3 eV band. The temperature
dependencies of the integral intensity of the 3.2 and 4.3 eV
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Fig. 5. Excitation spectra monitored at the 4.3 eV band of the sample A (curve
1) and the sample B (curve 2) measured at 10 K.

luminescence bands are depicted in Fig. 2 for both samples.

Excitation spectra of the samples A and B differ in the vacuum ul-
traviolet spectral region (VUV). Fig. 3 demonstrates the VUV excitation
spectra measured at room temperature. The excitation spectrum of the
sample A monitored at the 3.2 eV emission band shows a shoulder at the
6.75 eV region, an intense peak at the 7.35 eV, a dip at the 7.65 eV, and a
less intensive peak at the 7.85 eV. A doublet at 10.05 and 10.70 eV was
also registered. The excitation spectrum monitored at the 4.3 eV emis-
sion band of the sample A is different. The shoulder in the region of 6.75
eV disappears and the intense peak shifts towards lower energies at the
6.97 eV. The high-energy band in the region of 10 eV is not detected.

In the sample B, the excitation spectra in the high-energy region
significantly differ from that one in the sample A. The excitation spec-
trum monitored at the 4.3 eV shows an intensive peak with a maximum
at the 6.85 eV, a dip at the 7.65 eV, and a less intensive peak at the 8.05
eV. The excitation spectrum monitored at 3.2 eV is similar to the exci-
tation spectrum for the 4.3 eV ultraviolet band. The excitation band in
the region 6.85 eV is slightly shifted and peaked at the 6.75 eV. The band
at the 8.05 eV and low-intensity peaks at the range of 10.05 and 10.70
eV are also found.

During cooling, the broad luminescence band peaked at 2.4 eV ap-
pears in the sample A under excitation with energies above 7.5 eV
(Fig. 4). The temperature dependence of this luminescence band is
shown in Fig. 2. Above 170 K this luminescence is not detected. In the
sample B this luminescence is not observed.

The behavior of the 4.3 eV emission band in the samples A and B
differs when the samples are cooled down. In the sample A, the
maximum of this luminescence band shifts to the low-energy region, and
the peak is observed at about 4.08 eV. In the sample B, the peak shifts
slightly to the 4.39 eV (Fig. 4).

The excitation spectra of the 4.3 eV band measured at 10 K (Fig. 5)
and at room temperature (Figs. 1 and 3) in the samples A and B are also
different. In the sample A, the double excitation band was observed at
5.08 and 5.14 eV at 10 K. The next intense band peaked at the 7.17 eV at
10 K was shifted to higher energy region relative to the peak at 6.97 eV
at room temperature. The dip was found at 7.8 eV and a band at 8.15 eV
was also observed (Fig. 5). Thus, all excitation bands with energies
above 7 eV shifted by about 0.2 eV to the high-energy region at 10 K
comparing to the results at room temperature.

In the sample B, the position of the low-energy excitation band at the
5.05 eV was almost unchanged with temperature (Fig. 5). The next
excitation band was peaked at the 7.0 eV. A dip is located at the 7.8 eV.
In addition, the band at the 8.2 eV was found. All excitation bands with
energies above 7 eV shifted by 0.15 eV to the high-energy region after
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cooling down to 10 K.
4. Discussion

The observed luminescence in the samples A and B could be attrib-
uted to the luminescence of Ge-ODC(II) or GLPC [3]. On the other hand,
the luminescence of the Si-ODC(II) in silica is also found in this spectral
region [5]. The appearance of a significant number of ODC(II) in the
studied glasses is associated with a strongly reducing atmosphere during
their synthesis [34].

Assuming that the 5.0 eV absorption band is attributed to Ge-ODC
(II), their concentration can be estimated according to Smakula’s for-
mula [35]. The oscillator strength is 0.097 for the S0-S1 in the Ge-ODC
(ID) [36]. Therefore, the concentration of Ge-ODC(II) in the samples are
estimated about 1.2 ppm, which agrees with the ICP-MS data, which the
Ge concentration is about 1.4 ppm. Therefore, this band can be attrib-
uted to the Ge-ODC(II).

The luminescence band peaked at the 3.2 eV corresponds to the
triplet-singlet transition. The higher energy band with a maximum at the
4.3 eV is associated with the singlet-singlet transition. In the absorption
and excitation spectra, the band in the 5 eV region is attributed to the
singlet-singlet transition from the ground state 1A; (SO) to the excited
singlet state By (S1). Weak absorption at 3.1 eV belongs to singlet-triplet
transition. Position of 5.0 eV band in excitation spectra of the samples A
and B is different at room (Fig. 1) and at 10 K (5). At low temperature
non elementary structure of this band appears in the sample A (Fig. 5)
but it is not observed in the sample B. Several types of ODC called a and
B-ODC(II) were found in amorphous silica doped with Ge [37]. There-
fore, two ODC(II) having different configurations can exist in the sample
A, but only one configuration of ODC(II) is observed in the sample B.

The singlet-singlet transition corresponds to the intracenter electron
transfer from a doubly occupied lone pair to a vacant z-type orbital. The
higher-energy excitation bands in the 6.8-8.0 eV region are associated
with the transitions to the high-energy singlet S2 states [5,6,38]. The
positions of these bands are sensitive to the environment and geometry
of two-fold coordinated Ge, Sn, or Si centers [39]. However, usually the
energy of S0-S2 transition lies at the 7.4 eV [6,37,38]. Excitation spectra
of 3.2 eV luminescence in the sample A (Figs. 3 and 5) corresponds to the
literature data. Excitation band attributed to S0-S2 transition in the
sample B is located at lower energy in comparison with the sample A.
This is also evidence of different surrounding of ODC(II) in the samples A
and B.

When the ODC(II) is excited, a non-radiative transition from the
excited S1 to the triplet state occurs. This leads to the appearance of a
low-energy luminescence band of 3.2 eV in silica glasses. On the other
hand, an S1-S0 transition attributed to the luminescence band at the 4.3
eV takes place. In the model of the electronic structure of ODC(II) pro-
posed in [34] where the transition of an electron from the excited singlet
S1 state to the triplet T1 state is accompanied by the barrier which can
be estimated from the temperature dependence of the 3.2 eV band
(Fig. 2). Arrhenius energy of barrier is about 170 meV, which agrees
with the data on ODC(II) in silica glasses [9,40]. The origin of excited
states of the ODC(II) in non-crystalline solids has been still discussed, but
it is noted that they are largely similar to those observed in structurally
similar crystalline matrices [1].

At room temperature, the sample A exhibits mainly the triplet-singlet
luminescence due to thermally activated intersystem crossing. This
process becomes less effective when a sample is cooled down. The in-
tensity of the triplet-singlet luminescence decreases, while the intensity
of the S1-SO luminescence increases. In the sample B, the ratio of
luminescence band intensities associated with the triplet-singlet and
singlet-singlet luminescence differs from the sample A. It is unusual for
silica glasses. In the sample B, the luminescence associated with S1-SO
transitions is the most intense already at room temperature, whereas
the intensity of the triplet band at the 3.2 eV is much lower. Neverthe-
less, during the cooling process, its temperature dependency is similar to
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that of the same band in the sample A. Previously, similar effects were
observed in irradiated glasses [14,41] and various combinations of
thermal treatment of glasses and their irradiation [42] or annealing of
samples in hydrogen atmosphere [2]. The observed effects were ascribed
to a violation of the stoichiometry of the glasses during irradiation,
evaporation of germanium from the glass surface, and sample in-
homogeneity. However, samples studied in this article have the same
synthesis procedure and concentration of ODC(II), as we estimated from
the absorption spectra. Therefore, the differences in the luminescence
spectra cannot be explained by stoichiometry and inhomogeneity
causes.

On the other hand, the excitation spectra of the triplet and singlet
luminescence in the sample A are different in the region of 6-11 eV. As it
was pointed in [43], the high-energy excited states of the Ge-ODC(II) has
the excitonic origin. We suggest that two types of differently oriented
Ge-ODC(II) exist. Their excitation spectra differ in the region of 6-10 eV
and the thermally stimulated cross-relaxation efficiency from S2 to
triplet state is significantly higher for one configuration than for another
one when S0-S2 is excited.

The excitation spectra of the singlet and triplet luminescence in the
sample B at room temperature are identical. This may indicate that only
one configuration of the ODC(II) is found in the sample B, as well as in
the more symmetric polymorphic modifications of quartz: cristobalite
[43]. Thus, we can assume that the local environment of the ODC(II) in
the samples A and B are different. In the sample B, the ODC(II) has
higher symmetry, which leads to the formation of only one type of ODC
(ID), whereas in the sample A, the ODC(II) symmetry is lower and close to
a-quartz, so two types of ODC(II) are observed. This assumption is also
supported by the fact that the excitation spectra of the samples A and B
differ in the low-energy band. In contrast to the sample A the excitation
band at 5.0 eV observed in the sample B has lower energy tail.

When cooled down to a temperature of 10 K, the triplet luminescence
in the studied glasses disappears. At the same time, in the sample A an
intense luminescence in the 2.4 eV region appears upon excitation at 10
eV, which is related to the luminescence of self-trapped excitons in the
silica [43,44]. Early, the threshold of self-trapped exciton luminescence
was estimated at the 8.3 eV in high purity silica glasses. In the sample A
self-trapped exciton luminescence was excited at lower energy due to
presence of Ge impurity. In this case, self-trapped excitons could be
perturbed by Ge impurities.

Self-trapped exciton luminescence is not registered in the sample B.
Previously, this has been observed in cristobalite ceramics [45]. More-
over, the singlet luminescence is shifted to higher energies in crystalline
cristobalite glass. The high-energy excitation bands of the ODC(II) in
quartz and cristobalite in the region of 7 eV differ, which is caused by the
difference in the surrounding geometry and, accordingly, in the
configuration of the impurity trapped exciton in quartz and cristobalite
[43]. The presence of the band in 8 eV region in all samples is the evi-
dence that higher energy excited states of ODC(II) has an excitonic
origin.

A dip at the 7.8 eV observed in all samples is due to appearance of
strong absorption band peaked at 7.6 eV in an amorphous silica. This
optical absorption band is assigned to 6 — ¢* transition of the Si-Si bond
[46]. This absorption appears in the samples due to synthesis in highly
reducing atmosphere that results in the formation of Si-Si bonds.

Higher energy bands in excitation spectra measured at room tem-
perature in the region 9.5-11 eV is attributed to delocalized excitonic
states retained their delocalized properties albeit thermal and structural
disorder which is typical of an amorphous material [47].

Under excitation below 7.8 eV intracenter transitions modified by
inhomogeneous broadening of non-equivalent centers occur in silica
glasses. These electronic excitations are localized and short-range order
plays important role in the excitation band positions in the excitation
spectra. For higher energy excitation (>7.8 eV) inter center excitation
dominates. These electronic excitations is highly delocalized. Therefore,
the corresponding bands in excitation spectra have the same positions in
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Fig. 6. Correlation between the ratio of singlet-triplet emission bands and cristobalite concentration (in wt%) in the raw material.

both type of glasses.

In silica glasses synthesized from the raw materials containing a
quartz and cristobalite, the ratio of the triplet and singlet luminescence
peaks correlated with the content of cristobalite in the raw materials. As
the proportion of cristobalite in the raw material increased, the intensity
of singlet luminescence is increased too, while the intensity of the triplet
luminescence degrades. The linear dependence between phase compo-
sition in the raw materials and the singlet/triplet luminescence intensity
relationship could be constructed and shown in 6. The highest concen-
tration of cristobalite corresponds to the sample B. The sample A con-
tains 0% cristobalite.

As a result, we can conclude that the observed differences in the
luminescence and excitation spectra of ODC(II) in the samples A and B
indicate that the environment of ODC(II) and, therefore, short-range
order in the samples A and B are different. In a sense, the glass in-
herits the structure of the raw material. In the case of the sample B, that
was manufactured mainly of cristobalite, the short-range order is more
symmetrical in comparison with the sample A prepared from an
a-quartz. A similar effect was observed in irradiated glasses where the
different configuration of E’ centers were determined by the ESR in
cristobalite and quartz glasses [21].

5. Conclusion
The study of ODC(II) luminescence in cristobalite and quartz glasses

prepared from a natural raw material was carried out. It was found that
the relationship between singlet and triplet luminescence bands of ODC

(ID in these glasses significantly differs. The intensity of the singlet band
increases with an increase of the cristobalite content in the raw material.
Based on the study of the excitation spectra of the glasses, we found
that the observed changes in the ratio of the singlet and triplet lumi-
nescence are associated with a difference in the short-range order.
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