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Abstract—The photoluminescence spectra of sulfur-doped silica glass upon excitation into the absorption
band at 203 nm and atemperature of 10 K are investigated. It is reveal ed that the photol uminescence band with
amaximum at about 420 nm and the photoluminescence excitation band have a resolved vibrational structure.
A modd is proposed according to which the bands of absorption at 203 nm and luminescence at 420 nm are

assigned to SO, interstitial molecules that are weakly bound to the glass network (the transitions x* Al —

C'Byand 3°B, —~ X' Ay, respectively).

INTRODUCTION

Earlier [1-3], we carried out a series of spectro-
scopic investigations of color centers in sulfur-doped
silica glasses. Our interest in these glasses was moti-
vated both by the quest for new possible impurities,
which would provide ameans of controlling the optical
properties of glasses, and by the prospects of producing
photosensitive glasses for use in photorefractive
devices of fiber optics. Optical fibers based on glasses
with a high photosensitivity are widely used in laser
writing of space refractive-index gratings. One of the
most efficient methods of controlling the photosensitiv-
ity of glasses, in our opinion, is the introduction of
dopants. In this respect, the search for new doping
impuritiesis of considerable importance. In our recent
work [4], we reported on the fabrication of a sulfur-
doped silica glass optical fiber with small optica
losses, in which we succeeded in writing the Bragg
grating of the refraction index An=7.8 x 104,

Furthermore, it turned out that, among color centers
in glasses, the color centersinduced in sulfur-doped sil-
ica glasses stand out for their unique spectroscopic
properties. In particular, almost all the bands of absorp-
tion and luminescence attributed to these centers are
characterized by an anomalously small inhomogeneous
broadening and, hence, exhibit a well-resolved vibra-
tiona structure [1-3]. The latter circumstance made it
possible to establish reliably their nature. We assigned
the absorption band at 280 nhm and the photolumines-
cence band at 385 nmto an S, interstitial molecule (the

transitions X3 Z; — B Z; [1], whereas the absorp-

T Deceased.

tion bands at 237 and 400 nm were attributed to an S,
interstitial molecular ion (the transitions XMy, —

B2 , and XMy, —= A, respectively) [2]. In both

cases, the molecules occupy poresin the glass network
and are weakly bound to it: theinteraction of molecules
with the glass network is reduced to their collisions
with pore walls [3].

Among the dominant absorption bands of sulfur-
doped silica glasses, the band at 203 nm remains uni-
dentified. Our attemptsto resolve the vibrational struc-
ture of this band at room temperature have failed. The
am of the present work was to investigate this band
thoroughly and to elucidate the nature of the relevant
color center.

SAMPLES AND EXPERIMENTAL TECHNIQUE

The experimentswere carried out with the same pre-
forms for drawing of optical fibers with a sulfur-doped
core aswas used in [1]. The preforms were synthesized
at 1200°C by the plasma chemical technique described
earlier in [5] and were then treated in a dry oxygen
atmosphere. The experimental samples were prepared
inthe form of 1-mm-thick disks cut out normally to the
preform axis. The sulfur-doped region had the form of
apink ring with diameters of 3.5 and 2 mm. The sulfur
content in this region was approximately egual to
0.05 wt %, which corresponds to 2 x 10'° atoms/cm?.

The optical absorption spectra were recorded
according to the procedure described in [1]. However,
in our case, the diaphragm (d = 1 mm) limiting the
probe optical beam was positioned not in the region of
the pink ring but at the center of the sample, where the
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intensity of the absorption band at 203 nm reaches a
maximum [4].

The luminescence and luminescence excitation
spectra were recorded on a SUPERLUMI setup in a
synchrotron radiation channel of a DORIS |11 positron
accelerator in a DESY synchrotron (11 Institute of
Experimental Physics, Hamburg University, Germany).
The measurements were performed under ultrahigh
vacuum (10°-10"'° Torr) at atemperature of 10 K. The
luminescence excitation spectra were recorded in the
range 190-350 nm with a spectral resolution of 0.4 nm
and were corrected for the channel spectral radiance,
which was determined from the signal of a phosphor
(sodium salicylate) with a constant quantum yield of
luminescence. The photoluminescence spectra were
measured in the range 350-550 nm with a spectral res-
olution of 2 nm.

RESULTS

The absorption spectrum of the initial sulfur-doped
silica glass, which was measured in the central part of
the sample, is displayed in Fig. 1 (curve 1). As can be
seen from Fig. 1, the width of the absorption band at
203 nmisequal to 27 nm (0.8 eV) and, at room temper-
ature, thisband has no resolved vibrational structure. In
an attempt to resolve this structure, we carried out spec-
tral measurements at liquid-helium temperature.

The photoluminescence spectrum of the central part
of theinitial sample, which was recorded at atempera-
ture of 10 K upon excitation into the absorption band at
203 nm (Fig. 2, curve 1), exhibits a photoluminescence
band with the maximum at about 420 nm. This band is
characterized by alarge Stokes shift with respect to the
excitation wavelength and a clearly pronounced vibra-
tional structure. In order to determine the locations of
the maximum number of vibrational components of the
photoluminescence band, we used the same procedure
of mathematical treatment as was applied in [1]. The
experimental spectrum was smoothed according to the
Savitzky—Golay algorithm, and the smoothed spectrum
was subtracted from the experimental spectrum. The
spectrum of oscillations of the photol uminescence band
(Fig. 2, curve 3) containsaseries of 10 vibrational com-
ponents with gradually varying intensities and a mean
step of 550 cm™2.

The photoluminescence excitation spectrum with
the maximum at about 420 nm, which was recorded at
10K, isshownin Fig. 3 (curve 1). In this case, the pho-
toluminescence excitation band coincides in location
and width with the absorption band at 203 nm but hasa
clearly defined vibrational structure. With the use of the
same mathematical procedure [1], we obtained the
spectrum of oscillations of the photoluminescence
excitation band. This spectrum contains 24 well-distin-
guishable vibrational components with an irregular
step and a nonuniform intensity distribution (Fig. 3,
curve 3).
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Fig. 1. Absorption spectra of (1) sulfur-doped silica glass
(T =300 K) and (2) gaseous SO, [8, 9].
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Fig. 2. Luminescence spectrum of sulfur-doped silica glass
(Aexe = 203 nm, T = 10 K): (1) experimental spectrum,
(3) oscillations of the experimental spectrum, and (2) phos-
phorescence spectrum of the SO, molecule (T =20K) inthe

matrix of solid krypton [10].

DISCUSSION

In our previouswork [4], we already reported on the
band at 203 nm in the absorption spectrum of sulfur-
doped silicaglass. It wasfound that the intensity of this
band reaches amaximum in the region close to the cen-
tral part of the studied samples (0.5 mm) rather than in
the pink ring, asis the case with the bands attributed to

the S, molecule and the S, molecular ion [2, 4]. Since

the color centers responsible for the band at 203 nm
were observed in the oxygen-enriched region, we
assumed that these centers are the SO molecules
formed upon oxidation of S, molecules[4]. The model,
which assigned the band at 203 nm to the transition
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Fig. 3. Excitation spectrum of sulfur-doped silica glass
(Aexc =390 nm, T = 10 K): (1) experimental spectrum, (3)
oscillations of the experimental spectrum, and (2) absorp-
tion spectrum of gaseous SO, [8, 9].

X3z‘ —» B3N " inthe SO molecule, offered a satis-

factory explanation of the location and width of this
band until we obtained the experimental data on the
photoluminescence.

The photoluminescence observations provided
additional information, according to which the model
of the SO molecule proved to be inapplicable for
describing the properties of the absorption band at
203 nm. First, the excitation into the absorption band at
203 nm (the transition X — B) should lead to the pro-
gression of photoluminescence lines in the vicinity of
320 nm (the transition B — X) with the vibrational
frequency w, = 1149 cm™ [6, 7]. In our case, the photo-
luminescence is observed at about 420 nm with amean
step of 550 cm™ (Fig. 2, curve 1). Second, the photolu-
minescence excitation spectrum of the SO molecule
(thetransition X — B) should exhibit a progression of
vibrational lines with w, = 630 cm™ and gradually
varying intensities. The experimental spectrum showsa
system of oscillation, which is characterized by an
irregular step (on average, 350 cm™) and an irregular
intensity distribution.

The irregular intensity distribution of vibrational
components of the photoluminescence excitation band
directly indicates that the color centers responsible for
this band belong not to a diatomic molecule with aone
vibrational frequency but to a polyatomic molecule
whose vibrational spectrum isformed by acombination
of three vibrational frequencies. It is this reason why
we attempted to identify this color center with the SO,
molecule. It turned out that al the specific features of
the spectra of this color center coincide with those of
the spectra obtained. First, the profile of the absorption
band at 203 nm (Fig. 1, curve 1) coincides in location
and shape with the absorption band of gaseous sulfur

dioxide (thetransition X' A, — C'B,)[8, 9], whichis
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shown in Fig. 1 (curve 2). Second, all the 24 oscilla-
tions of the photoluminescence excitation band, which
we separated, coincide in location with the vibrational
lines of the absorption band at 203 nm for gaseous SO,
(see table and Fig. 3; curves 2, 3). Third, the location
and intensity distribution of the observed progression
of the photoluminescence lines agree well with those of
the progression in the phosphorescence spectrum of the

S0, molecule (the transition &°B, — X' A,) in the
matrix of solid krypton (Fig. 2, curves 2, 3) [10]. The
coincidence of locations of the vibrational components
becomes almost complete in comparison with the ther-
moluminescence spectrum of the SO, molecule in the
matrix of solid argon [11] (see table). The mean differ-
ence between the corresponding frequencies is approx-
imately equal to 30 cm™ or 0.5 nm.

The C* B, level of the SO, molecule is predissocia-
tive; therefore, upon excitation into the absorption band

associated with the transition X — C, the fluores-
cence and dissociation are competitive processes [12].
In the case when the excitation occurs below the predis-
sociation energy threshold of 5.7 eV (219 nm), the
observation of the resonance fluorescence becomes
possible. This photoluminescence was observed in [13]
upon laser pumping into the long-wavel ength region of
the band attributed to the transition X — C
(219.8 nm and more). For shorter wavelength excita-
tion (A < 219 nm), asin our experiment (A = 203 nm),
the primary dissociation of the SO, molecule domi-

nates. SO, ™ _ S0+ 0. The SO molecule and atomic
oxygen formed can react either with each other or with
the SO, molecules to form SO; and other compounds

[12]. Theinverse recombination SO + O —~ SO

2 —>

SO, (53 B,) is aso possible, which leads to the forma-
tion of the SO, moleculein the metastable a state. Upon
transition from this state, there appears a luminescence
band at 420 nm, which is associated with the transition

a°B, — X'A,. Inour sample, the number of chemical
reactions for the SO molecule and atomic oxygen, asin
the case with S, molecules [3], is severely limited by
the fact that, for the most part, the molecules are singly
located in pores of the glass. The absence of photo-
chemical dissociation of the SO, molecule in the glass
is aso confirmed by the fact that the intensity of the
band at 203 nm remains almost unchanged under the
action of an ArF laser (A = 193 nm) [4].

The proposed model provides an explanation for the
large Stokes shift of the photoluminescence band
(420 nm) of the glass with respect to the photolumines-
cence excitation band (203 nm). This shift is associated
with the energy losses through the dissociation of the
SO, molecules with subsequent recombination into the
metastable state.
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Comparison of the locations (cm™) of linesin the progressions of absorption (>~( — é) and emission (a — >~<) of the

SO, molecule
Absorption Emission
vibrational numbers _

no. gas|[8, 9] glass (V-l-, V2 V;) Ar matrix [11] glass
1 43573 (000) 25439 25523
2 43956 (010) 24913 24944
3 44267 44326 (100) 24301 24331
4 44623 44643 (110) 23770 23787
5 44944 44964 (120)(200) 23191 23218
6 45351 45351 (130)(210) 22660 22660
7 45725 45746 (240)(220)(300) 22114 22095
8 46104 46125 (150)(230)(310) 21561 21566
9 46447 46447 21017 21030

10 46794 46838 20492 20500

11 47237 47170

12 47596 47551

13 47962 47939

14 48379 48286

15 48733 48685

16 49116 49020

17 49505 49334

18 49850 49727

19 50125 50125

20 50632 50479

21 50942 50813

22 51256 51335

23 51652 51652

24 51975 52029

Withinthe above model, it ispossibleto estimate the
concentration of SO, interstitial molecules in the stud-
ied glass from the ratio of the absorption coefficients
for the gas and glass (Fig. 1). The estimation gives a
value of 3 x 10'® cm3. On this basis, the oscillator
strength (f = 0.06) for the absorption band at 203 nm
was estimated from the Smakula formula.

CONCLUSIONS

The photoluminescence of the sulfur-doped silica
glass upon excitation into the absorption band at
203 nm was investigated. It was demonstrated that the
photoluminescence band at 420 nm and the photolumi-
nescence excitation band have a resolved vibrational
structure at a temperature of 10 K. According to the
proposed model, these bands were attributed to transi-
tionsof SO, interstitial molecules. Thismodel accounts
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for all specific features of the observed spectra, includ-

ing the large Stokes shift in the photoluminescence.
Moreover, we estimated the concentration of SO,

molecules (3 x 10 cm™) in the studied glass and the

oscillator strength for the absorption band at 203 nm
(0.06).
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