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Photo-induced phenomena in GeOz glass
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Abstract

Photo-induced changes in GeO2 glass have been studied in optical and structural
properties. Band-gap excitation gives rise to modifications in mid-gap optical absorption and
photo-luminescence spectrum. It also produces electron-spin signals at g = 1.995 and 2.008.
Raman-scattering spectrum becomes sharper, x-ray diffraction patterns show disappearance
of a crystalline peak, and illuminated surfaces expand. These observations can be accounted
for by assuming bond transformations from rutile-like to defective quartz-like structures
and/or from small to large rings. These photo-induced changes in GeO:2 are comparatively

discussed with those in SiO2 and GeSa.
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1. Introduction

It has been known that a variety of photo-induced phenomena appear in group VIb
glasses [1,2]. For instance, Bragg reflectors are inscribed in Ge-doped SiO: fibers using
excimer lasers [3], holographic images are stored in sulfide films [4], and optical
phase-changes in telluride films have now been commercialized [5]. Nevertheless,
fundamental mechanisms and unified understanding of these phenomena remain to be
arduous problems in solid state science.

Under such circumstances, studies on the photo-induced phenomenon in GeOz appear to
be valuable, at least, in three respects. First, the result can provide related insights into
formation processes of photo-induced Bragg-reflectors in Ge-doped SiOg, in which Ge atoms
seem to play important roles [3]. Second, pure GeO: optical fibers and waveguides are
promising to some applications [6,7], so that photo-induced changes should be explored. The
last, which may be the most interesting from fundamental viewpoints, is that the result on
GeOz can bridge photo-induced behaviors in the oxide glass such as SiO2 and the chalcogenide
such as GeSz. Photo-induced phenomena in the oxide and the chalcogenide have similar and
dissimilar features [1,2], and accordingly, studies from a unified point-of-view will be
valuable.

Following these motivations, the present authors have recently investigated
photo-induced phenomena in sputtered GeO: films [8]. It is shown that the change depends
upon pressure of ambient air, which provides H20 into the film under illumination. The
feature seems be governed by a defective and inhomogeneous non-crystalline structure, which
is similar to that in evaporated GeSz films [9].

Here, we extend the study to melt-quenched GeO:z glass. Such studies are needed
because the glass property depends upon preparation methods. Actually, qualitatively
different photo-induced changes between film and bulk have sometimes been reported. For
instance, the previous work on sputtered GeO:2 films demonstrates a photo-induced
refractive-index decrease [8], while GeOz bulk glass is known to provide a photo-induced
refractive-index increase [10]. Such an opposite behavior also appears in GeSg i.e.,
as-evaporated GeS: films undergo photo-bleaching, while bulk GeSz provides photo-darkening
[9]. Notable differences have been pointed out also for SiO2 [3,11]. We will see in the present
study that GeOz glass exhibits unique photo-induced changes, which are different from those
in the sputtered films and also in SiO2 and GeS:z bulk glasses.

2. Experiments

Samples employed were GeOz bulk glasses, which were prepared with due caution. This



1s because thin flakes are needed for investigating photo-induced phenomena upon band-gap
illumination [1,9] and, as is known, the glass is likely to crystallize [12]. Accordingly, before
every measurement, a small (~0.1 g) ingot was prepared (the total being ~20 times) and
shaped into an appropriate thickness, and most measurements were done within one week.
Owing to the limited preparation procedures, the present samples appeared frosty a little,
probably reflecting inclusion of small voids. But, experimental results were not governed by
the voids, as described in 3.

Sub-gram ingots were prepared from crystalline GeOz powders with a purity of 5-nine
(Furu-uchi Chem. Co., GEC-33206A). The powders were placed on a flat Pt plate, heated in a
furnace at 1400 °C for 2 h in ambient atmosphere, and then, taken outside from the furnace
for air-quenching. The ingot was polished, as in a previous study [9], to a discs with lateral
dimension of 2 - 5 mm and thickness of 25 - 300 x m [13]. Then, the disc was annealed in
ambient atmosphere for 10 h at 500 °C, which was slightly lower than the glass-transition
temperature 73 of ~580 °C [12].

The samples, which had optical band-gap energy £ of ~ 5.8 eV [12,14,15], were exposed
to three kinds of excitations having different photon energies. Sub-gap excitations (Ao < Eyp)
with photon energies of 3.5 eV and 4.6 eV were obtained from third- and fourth-harmonic
generators attached to a Nd:YAG laser (Continuum, Surelite I), which emitted light pulses
with duration of 5 ns and repetition of 5 Hz. Band-gap excitation of 6.4 eV (Aw < Ey) was
obtained from an ArF excimer laser (Tuilaser, S-200), which emitted light pulses with
duration of 10 ns and repetition of 20 Hz. Power densities of these excitations with 3.5, 4.6,
and 6.4 eV were adjusted, respectively, to 500, 100, and 20 md/cm?2/pulse, all of which provided
an absorbed dose of ~105 J/cm3 at 104 pulses, which corresponded to an absorbed photon
number of ~1023 cm™3 [16]. Super-gap (core-electron) excitation was obtained from a 6°Co
source as vy -rays, which have characteristic photon energies of 1.17 and 1.33 MeV and a
typical intensity of 0.1 MGy/day. These excitations were supplied to GeOz samples at room
temperature in ambient atmosphere. In addition, the laser light (3.5, 4.6, and 6.4 eV) was
supplied also in vacuum of 102 Pa at room temperature and 80 K, in which the sample was
fixed in an optical cell having a synthetic SiO2 window. In some cases, illuminated samples
were annealed at 500°C for 3 h in order to examine thermal reversibility of photo-induced
changes.

Exposure effects were investigated in several macroscopic and microscopic properties.
Optical transmittance was measured at wavelengths of 210 - 1200 nm (Ao =5 - 1.0 eV). In a
short wavelength region of 210 — 350 nm (3.5 - 5.9 eV), we used a single-beam spectrometer

consisting of a Xe lamp, a monochromator, a sample box, and a photo-multiplier, in which



separation between a sample and the photo-multiplier surface was reduced to ~5 cm. This
equipment was effective in obtaining transmission spectra, which were less influenced by
light scattering, because it could detect transmitted and partially-scattered light. At longer
wavelengths of 340 - 1200 nm (1.0 - 3.5 eV), absorption spectra were monitored using
photo-thermal deflection spectroscopy, which is known to be less sensitive to light scattering,
the experimental detail being reported previously [17]. Photo-luminescence (PL) spectra in a
range of 1.5 - 4.0 eV were obtained at 80 K, in order to increase PL signals, using light sources
of the ArF excimer laser (6.4 eV, 5 md/cm?Z/pulse, and 20 Hz) and the Nd:YAG-laser
fourth-harmonic (4.6 eV, 10 mdJ/cm2/pulse, and 5 Hz), a single polychromator (Jobin-Yvon,
CP-140-103), and a linear photo-diode array (Hamamatsu, S5933-1024S). Obtained spectra
were normalized with respect to a black body radiation at 3300 K. Photo-induced changes in
sample thickness were measured using a profile monitor (TAYLOR-HOBSON, Talystep).
Raman-scattering spectra were taken using an Ar-ion laser (488 nm), a He-Cd laser (442 nm),
a triple polychromator (Jobin-Yvon, T64000), and a cooled charge-coupled-device. Spectral
measuring time was typically 15 min, which did not provide noticeable photo-induced effects.
X-band electron-spin resonance (ESR) measurements were carried out at 80 K using a Bruker
spectrometer (EMX) with a measuring time of 3 min and a microwave power of 0.02 mW. Spin
density was calibrated using a CuSO4(5Hz20) standard. X-ray diffraction patterns were
obtained using a rotating Cu target (Rigaku, RU-300) and a graphite monochromator.
Differential radial distribution functions (RDFs) were calculated as in the previous [8].
Infra-red transmission spectra were measured using a Fourier-transform spectrometer

(Perkin Elmer, 1650).

3. Results

Fig. 1(a) shows optical absorption spectra in as-quenched (solid circles) and annealed
(open circles) GeOq glasses. Light scattering could still affect these spectra, and accordingly,
the vertical axis may be read as attenuation. However, as illustrated, the present spectrum is
roughly consistent with those obtained for sputtered films [8,18,19] and bulk glasses
[12,14,15,20,21]. The optical gap, which can be defined at the photon energy with an
absorption coefficient of 103 eml, is located at around ~5.8 eV. Below the absorption edge, both
the present and the previous spectra for bulk glasses possess an absorption shoulder at 4 - 5
eV, which has been ascribed to oxygen-deficient defects such as Ge homo-polar bonds
(=Ge-Ge=) [20,22,23], two-fold coordinated Ge (-Ge-) [22], and Ge E’ centers (=Ge-) [20,24].
In addition, the present samples show a broad absorption at ~2 eV, which can be ascribed to

nano-crystalline Ge [25,26].



Two kinds of annealing effects have been detected. One is an appreciable absorption
(attenuation) increase at ~2 eV, as shown in Fig. 1(a), which may be due to a change in light
scattering and/or an increase in nano-crystalline Ge [25,26]. The other annealing effect, which
is more clearly seen in a difference spectrum plotted in a linear scale, Fig. 1(b), is an
absorption decrease at ~5 eV, which is consistent with those reported previously [12]. This
decrease seems to be resolved into small and large changes at around 4.2 eV and 5.0 V, which
may be ascribed, respectively, to Ge E’ centers [20,24] and to the oxygen-deficient centers
[12,20,22], which include Ge homopolar bonds and two-fold coordinated Ge. These absorption
decreases at ~5 eV suggest that the annealing at 1 atm reduces the density of these
oxygen-deficient defects, which implies that the annealing yields more stoichiometric glass
structures. Therefore, we focus hereafter mostly upon photo-induced effects in annealed
samples.

Fig. 1(c) shows photo-induced changes in absorption spectra in the annealed GeOs. Since
excitation doses could not be adjusted accurately and the samples were different in thickness,
only rough features should be emphasized, in which the most notable is the increase in optical
absorption at 4 - 6 eV. It should be mentioned that the 3.5, 4.6, and 6.4 eV excitations in
vacuum at 300 and 80 K have given quantitatively similar absorption changes to those shown
here. In detail, the sub-gap excitations of 3.5 and 4.6 eV induce nearly the same absorption
increase at around 4.5 - 5.0 eV. Such an absorption increase may be related through a
Kramers-Kronig relation with a photo-induced increase in refractive-index of ~10 evaluated
at Aw= 3.5 eV [10]. On the other hand, the (super-)gap excitations of 6.4 eV and ~1 MeV seem
to be effective in increasing absorption bands at 4.2 and ~5.0 eV. The steep attenuation
increase at the absorption edge (~5.5 eV) by v -ray excitation, which is consistent with a
previous report [20], implies radiation-induced light scattering. It should be mentioned here
that the absorption increase by 4.6 eV pulses in Fig. 1(c) has been mostly recovered with a
heat treatment at 500 °C for 3 h. That is, produced defects can be annealed.

Fig. 1(d) shows PL spectra obtained using weak 6.4 eV pulses in a spectral range of 1.5 -
4.0 eV in annealed and illuminated GeOz. We see in the annealed sample (solid line) a broad
PL peak at ~2.1 eV, the position being similar to the low-energy absorption in Fig. 1(a). With
excitation of 6.4 eV and 10% J/cm3 at room temperature, this 2.1 eV peak seems to be converted
to a 2.6 eV peak, as shown by the dashed line and more clearly by the dotted difference
spectrum. On the other hand (not shown), when PL is measured using sub-gap light of 4.6 eV,
only the 2.1 eV peak appears, which decreases with the 6.4 eV band-gap excitation, which
may be regarded as a kind of PL fatigue [1]. These results obtained by using 4.6 eV and 6.4 eV
suggest that the 2.1 eV and 2.6 eV components have different PL origins.



However, it is difficult to identify the origins. Previous studies suggest, at least, three
possibilities for several PL peaks appearing at 1.8 - 2.3 €V, which are non-bridging oxygen
hole center (=Ge-0-) [27], self-trapped exciton [28], and nano-crystalline Ge [26,29-32].
Accordingly, it is difficult to identify an origin of the 2.1 eV PL. On the other hand, for the 2.6
eV PL peak, Qiu et al. have suggested that it can arise from two-fold coordinated Ge [33],
which also causes an absorption shoulder at ~5 eV [22]. A similar suggestion was made
previously by Skuja [34], although related energies were slightly different. We note that the
Qius’ model is consistent with the present observation in a respect that both the 5 eV
absorption and the 2.6 eV PL increase with light excitation. This model also appears to be
consistent with the fact that the 2.6 eV PL cannot be produced by 4.6 eV light (< 5 eV).

As shown in Fig. 2, the band-gap excitation of 6.4 eV has produced ESR signals. In these
spectra, an intense sharp signal has appeared at g= 2.001 (dashed part), which is a spurious
arising from an irradiated cryostat window, the origin probably being Si E’ centers [24], and
accordingly, it should be neglected. Without that, the annealed sample gives only a weak
signal at 2.008. After excitation with 6.4 eV pulses of 105 J/cm3 at room temperature, the
2.008 signal grows and a signal at g= 1.995 appears, the both increasing to densities of ~1017
cm3, These changes resemble those observed in GeO2 upon exposure to vy -ray irradiation
[12,20,24]. Origins of these signals at 1.995 and 2.008 are assumed, respectively, to be Ge E’
centers and oxygen excess centers, which include non-bridging oxygen hole centers (=Ge-0O-)
and peroxy radicals (EGe-0-0-) [20,24].

In short, the optical and ESR results suggest the photo-induced enhancement of several
kinds of oxygen-deficient and oxygen-excess defects. Here, the optical measurements can
detect the oxygen-deficient defects due to their high optical cross-sections [34], and the ESR
spectroscopy detects only the defects having un-paired electrons.

Fig. 3 shows photo-induced surface deformations induced by 4.6 (squares) and 6.4 eV
(circles) excitations as a function of doses [36]. The vertical scale presents a fractional
thickness change 4d /a!, which is obtained through normalization of real changes Ad in
surface height by penetration depths a! (calculated from the absorption coefficient) of
excitation light. Absolute expansion is, e.g., upon 104 pulses of 4.6 eV excitation (the
penetration depth a! being ~50 um), 4d =100 nm, which corresponds to ~0.2 % when
normalized. We see that, as a function of pulse number, the annealed sample expands,
irrespective of excitation at 1 atm (solid symbols) and in vacuum (open symbols). We also see
that expansion kinetics for 6.4 eV excitation changes at ~104pulses (~105 J/cm3). Above this
threshold dose, the expansion occurs with surface roughening, which implies that the

photo-induced change consists of, at least, two stages. Probably related with this feature is



that the expansion at ~104 pulses can be recovered by annealing for 3 h at 500 °C, while the
annealing cannot recover the rough deformation induced by 105 pulses. It is interesting to
mention here that the as-quenched GeOz has exhibited volume compaction, which is opposite
to the expansion (Fig. 3) in the annealed samples.

It may be valuable to mention an interesting observation shown in the inset in Fig. 3. In
the deformation experiment, we have used a metallic pin-hole plate with a thickness of 150
u m and a diameter of 120 u m, on to which a GeOsz sample is attached and through which the
sample is exposed to laser excitation. After the exposure, we obtain a circular fringe-type
deformation on the GeO:z sample, an example being shown in the inset. (Accordingly, the
average expansion height is plotted in Fig. 3.) This fringe deformation resembles one
appearing on the surface of As2S3 glass, which has been exposed to laser light through a pin
hole [37]. The origin can be ascribed to spatially-varying volume changes induced by
interference fringes, which are produced by direct incident light and reflected light at the
inner wall of the pin hole.

Fig. 4 shows Raman-scattering spectra of GeO2 and a photo-induced change. The overall
spectral shape is consistent with previous results [12,38]. The most prominent 410 cm'! peak
is identified to a symmetric stretching mode of bridging oxygen (=Ge-O-Ge=), and the small
850 cm hump is due to asymmetric stretching modes of the oxygen. The small peak at ~60
cm’! is the so-called Boson peak, the origin remaining controversial [39]. Other features are
not clear. For instance, Barrio et al. [40] and Giacomazzi et al. [38] theoretically suggest that
planar 3-membered rings give some structure at around 500 - 530 cm’!, which has not been
resolved in the present measurement. It is also known that nano-crystalline Ge gives a
Raman-scattering peak at 300 cm! [25] and the two crystalline forms (described in 4.1.) of
GeOz produce peaks at 440 cm'® and 700 cm? [41], but no related traces can be pointed out in
the present spectra.

The Raman-scattering measurements have manifested two kinds of photo-induced
changes. One is a small change for the Boson peak at ~60 cm, which is more clearly seen
when probed using 488 nm light and analyzed in HV configuration (not shown). That is, 104
pulses of 6.4 eV (and also 4.6 eV) excitation have reduced the Boson-peak intensity to 0.8 - 0.9
times of the original intensity, which recovers with annealing at 500 °C and 3 h. This change
may correspond to a similar modification detected in GeO2-SiO2 glasses [42]. The other, which
is shown in Fig.4, is a slight but appreciable shift accompanying narrowing of the 410 cm!
main peak to a higher wave number by ~20 cm™, which is also reversible with the annealing.

Fig. 5 shows X-ray results. Overall shapes of X-ray diffraction patterns, in which three
halos appear at 2 4= 22°, 38°, and 64°, are consistent with previous results [12,43].



Differential RDFs have been calculated, and a typical result is shown in the upper inset,
which is also consistent with the previous [12,43]. However, a closer look on the diffraction
pattern can notice a small shoulder at 2 4 = 26°, which appears to be a crystalline peak when
the halo component is subtracted, as shown in the lower inset. The peak has a full-width angle
at half maximum of ~1°, suggesting a crystallite size of ~20 nm through the Sherrer’s
equation. However, it is difficult to identify a substance giving rise to this peak, because the
position is roughly the same with those of the most intense peak arising from several
candidates such as hexagonal GeOz (~26°), tetragonal GeO2 (~29°), high-pressure phases of
GeOz (~27° and ~28°), and crystalline Ge (~28°) [44].

As shown in the lower inset, 6.4eV band-gap excitation makes this crystalline peak
smaller. This change implies that, under the excitation, the unidentified crystal merges into
amorphous network. That is, the amorphous structure becomes more homogeneous with light
excitation. In contrast, no photo-induced changes in the RDF have been detected, which
means that no appreciable photo-induced changes occur in short-range structures.

Finally, results on infra-red transmission are mentioned. As in the previous study [8], we
have measured transmission spectra and its photo-induced change at a wave number region
of 400 - 4000 cm™. But, no photo-induced changes in vibrational modes of GeOgz, which are
located at 400 - 1000 cm™1, cannot be resolved. On the other hand, it has been found that, when
exposed to excitations of 4.6 and 6.4 eV at 1 atm, the 3300 cm'! modes arising from H20 and
-OH appear [45], which disappear with successive annealing. However, when the sample is
exposed in vacuum, no such changes have been seen. These different results are contrastive to
the irrelevance of atmosphere to the photo-induced changes described so far. Therefore, it is
reasonable to assume that the hydrolytic reaction cannot be a major process governing the

observed optical and structural changes shown in Figs. 1 - 5.

4. Discussion
4.1. Photo-induced change

Marked photo-induced changes observed in the annealed GeO2 glass are the volume
expansion (Fig. 3), the Boson-peak reduction and the shift of the main Raman peak (Fig. 4),
the reduction of a crystalline x-ray peak (Fig. 5), and defect creation of several kinds (Figs. 1
and 2). However, it is difficult to draw a unique microscopic picture from these observations.
In the following, therefore, we propose a tentative model, which can explain these
observations in a coherent way.

It is known that there exist three common GeO2 polymorphs, which are tetragonal

(rutile-type), hexagonal (quartz-like), and glassy [12]. Unlike SiOg, the stable GeOzcrystal at



room temperature and 1 atm is the tetragonal, although the hexagonal GeOz can ordinary be
retained as a meta-stable phase. In the tetragonal GeOz, Ge is 6-fold coordinated, consisting of
GeOes/2 octahedral units, and in the hexagonal it is 4-fold coordinated with GeOuas2 tetrahedral
units. It has also been suggested that the GeOz glass contains the GeOsz and GeOs/z units [12,
28, 46], which is consistent with the stability of the tetragonal and the hexagonal crystal in a
similar degree [12]. In correspondence with these atomic structures, densities for the
hexagonal, the tetragonal, and glassy GeOz are reported, respectively, to be 4.2, 6.2, and 3.7
g/cm3 [47]. And, the optical band-gaps are known to be 5.6 [47], 4.7 [48], and ~5.8 eV [47],
respectively. In addition, it is reasonable to assume that the GeOz glass has similar defective
structures to those in SiO2 glass [34]. Among those, the most notable may be small (3- and
4-membered) rings [40] and point-defect-like structures such as E’ centers [24] and two-fold
coordinated cations [22]

Taking these structural insights into account, we propose a model illustrated in Fig. 5. It
presumes, as suggested previously [46], that the annealed GeOz glass contains a little amount
of GeOez octahedral units and small rings. And, photo-excitation transforms these
high-density elements, which may accompany some strains, to GeOus2 tetrahedral units and
point defects such as Ge E’ centers and two-fold coordinated Ge. The photo-excitation makes
the heterogeneous structure more homogeneous and defective.

This model is consistent with the present observations as follows: The reduction in
strain and high-density units can naturally provide a volume expansion, shown in Fig. 3. The
strain reduction may also be responsible for the shift and narrowing of the Raman-scattering
peak in Fig. 4. On the other hand, the reduction of GeOs2 octahedral units can be related with
the intensity decrease of the crystalline X-ray peak. We here can estimate from the densities
of the two crystals [47] and a typical volume expansion of ~1 % (Fig. 3) that the annealed
sample contains GeOe;2 bonding structures with a volume fraction of 0.5 - 1 %, provided that
the high density unit is completely converted to hexagonal-like GeO42 units. This small
concentration may be consistent with the un-detection of a related Raman-scattering peak at
700 cm! of the tetragonal GeOz crystal [41]. The optical and ESR results shown in Figs. 1 and
2, which demonstrate photo-induced defect formation of some kinds, probably suggest that the
reduction of the GeOs2 units and small rings accompanies creation of a lot (~1017 cm™ ) of
defects. The thermal reversibility confirmed for the induced absorption (Fig. 1c), surface
deformation (Fig. 3), and Raman-scattering spectrum (Fig. 4), is consistent with this model.

However, the above model is tentative. We, at present, have no convincing evidence of
the GeOsz2 octahedral units and small rings. More sensitive structural experiments are

needed for further studies. In addition, identification of the absorption and PL peaks is



insufficient in comparison with that made for SiOz [34], partly because the spectra for GeO2
are not sharp.

Finally, it may be valuable to note marked differences in photo-induced phenomena in
GeO2 glass and sputtered films. In the previous study [8], we have proposed that the
photo-induced phenomena in the sputtered film can be understood by assuming a porous
amorphous structure, into which H20 diffuses under light excitation, which is responsible for
a volume expansion. In the present bulk glass, however, we assume a heterogeneous
amorphous structure, which becomes more homogeneous and defective upon light excitation.
In short, the film undergoes the extrinsic chemical reaction, while the bulk seems to possess

intrinsic structural changes.

4.2. Comparison

It is now possible to compare the photo-induced phenomena in SiO2, GeOz, and GeS2
glasses. Table 1 summarizes some fundamental properties, marked photo-induced changes,
and plausible mechanisms. Common to all these glasses is that the normal-bonding structure
consists of the tetrahedral units of Si(Ge)O(S)y2. Nevertheless, in consistent with different
bonding angles of Si(Ge)-O(S)-Si(Ge), the units in Si(Ge)O2 are connected in a corner-shared
way, while GeSz contains edge-shared connections [49], which can be regarded as 2-membered
rings. On the other hand, Si(Ge)O: are believed to contain small rings such as 3- and
4-membered [11,40], and as noted above, GeO2 may contain a little amount of GeOs2 units
[46].

Photo-induced optical changes in the oxides and the chalcogenide are contrastive [1,2].
The most prominent change in Si(Ge)Ozis the increase in mid-gap absorption [20,34,50], i.e.
defective absorption, which is in marked contrast to the photo-darkening (red-shift of optical
absorption edge) in chalcogenide glasses [1,2]. To the authors’ knowledge, no photo-darkening
has been reported for Si(Ge)Os2, and a result for As203 [51] has not been reproduced. The
photo-induced mid-gap absorption and the photo-darkening can be ascribed, respectively, to
three-dimensional rigid structure and the low-dimensional flexible structure [1, 2].

Photo-induced volume changes are more contrastive. SiO2 exhibits the so-called
radiation compaction [52], while GeS2 undergoes the volume expansion [53], which is common
to the most of covalent chalcogenide glasses [54,55]. Tanaka has proposed that the different
volume changes in SiO2 and GeSz can be interpreted using a relative glass density [54], which
can be evaluated as a density ratio £, = og/ oc (< 1), where og and o. are the glass density
and the density of a corresponding crystal. In small R, glasses such as SiOz (£, = 0.83), the

structure is assumed to be open-spaced consisting of corner-shared SiO42 units, in which
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radiation compaction occurs upon electronic excitation. On the other hand, a dense glass with
large £, which implies a compact glassy structure, tends to expand upon excitation through
photo-induced structural disordering, which may be analogous to the Shottky-type defect
formation in alkali-halide crystals. We here can envisage that an excitation produces a unique
quasi-stable structure, which is energetically higher than thermally-relaxed (annealed)
states.

The present work demonstrates that annealed GeOz also expands upon light excitation,
in contrast to that in SiOs. It is suggested that, in SiO2, the volume compaction occurs with
formation of small rings [11]. In contrast, in GeOg, the volume expansion can be related with
the reductions of GeOs/2 units and small rings. Following the above notion, we can assume,
taking £,= 3.7/4.2 = 0.88 (the densities being taken from [47], where o is of the hexagonal

form) in GeOz into account, that the compaction-expansion boundary exists at £,~ 0.85.

5. Conclusions

To obtain a unified insight into the photo-structural changes in oxide and chalcogenide
glasses, we have investigated several features in GeOz glass. Photo-induced optical changes in
GeOz are similar to those in SiOsz, while as for photo-induced volume changes GeOz exhibits
an expansion in a similar way to that in GeSz. The common optical change to Si(Ge)O2 can be
related with rigid three-dimensional network structures, while the volume expansion in GeOs

1s ascribable to a unique and dense glass structures.
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Fig. 1. (a) Optical absorption/attenuation spectra, (b) a change induced by annealing, (c)
photo-induced absorption changes Ja, and (d) photo-luminescence spectra of GeOz glass. In
(a), solid and open circles present absorption spectra of as-quenched and annealed (500 °C for
10 h) GeOsq. Previous results on sputtered films (1 [19], 2 [8], 3 [18]) and bulk glasses (4 [12], 5
[14], 6 [15], 7 [20], 8 [21]) are also shown. (b) shows an annealing effect 4o at ~5 eV by solid
squares with the linear right-hand side axis. (c) shows absorption increases induced by
photo-excitation with photon energies written (3.5, 4.6 and 6.4 eV) and absorbed doses of ~105
J/em3 and by v -ray with a dose of 1 MGy, which have been provided at room temperature in
air. (d) shows PL spectra obtained at 80 K using weak 6.4 eV pulses in annealed (solid line)
and illuminated (dashed line) GeOz2, and the photo-induced spectral change (dotted line).
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Fig. 2. ESR spectra of annealed (lower) and irradiated (upper) GeOx.
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Fig. 3. Fractional changes /1d/a " in sample thickness induced by 4.6 eV (squares) and 6.4
eV (circles) pulses in vacuum (open symbols) and at 1 atm (solid symbols). /Id is a real
expansion height, and « is the absorption coefficient so that @l can be regarded as the
penetration depth of excitation light. The inset photograph, which is taken using a
Nomarski-type interference microscope, shows a surface of a GeOz sample which has been

exposed to 104 pulses of 6.4 eV excitation through a pin hole with diameter of 120 y m.
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Fig. 4. Raman-scattering spectra (unpolarized) of GeOz before (solid line) and after (dashed
line) an exposure to 104 pulses of 6.4 eV light. The spectra are probed using weak 442 nm

light. The dotted line in the lower part shows a photo-induced change.
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Fig. 5. X-ray diffraction pattern, differential radial distribution function (DRDF), and a
photo-induced change at 26 = 26°. The solid and dashed lines in the photo-induced change

correspond to an annealed sample and its illuminated state after an exposure to 104 pulses of

6.4 eV excitation.

18



annealed irradiated

Fig. 6. Schematic illustrations of annealed and irradiated GeOgz, which accompanies a

photo-induced volume expansion.
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Si0O2

GeOs2

GeS2

cation-coordination number
unit connection
Ey (eV)
T (K)

4
corner-sharing
~10

1500

4(6?)
corner-sharing
5.8
850

4
corner and edge-sharing
3.2
750

photo-induced optical change
photo-induced volume change
R,

mechanism

mid-gap absorption
compaction
0.83

structural disordering

mid-gap absorption
expansion
0.88

homogenization?

photo-darkening
expansion
0.92

structural disordering

Table 1. Fundamental properties (upper) and photo-induced changes (lower) in the three

glasses listed. £, is a density ratio defined as og/0c (< 1), where ogand . are the glass

density and the density of a corresponding crystal. Light excitation is presumed to be provided

at room temperature.
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