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Luminescence and defect formation by visible and near-infrared irradiation of vitreous silica
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We report the observation of photoluminescefeg) originating from defects created by the visible and
near-infrared irradiation of vitreous silica. Three PL bands at 283, 468, and 558 nm exhibited excitation spectra
peaking at 250 nm, which corresponds to the oxygen vacancy défeabsorption. The observed PL bands
can be attributed to the following transitions: the singlet-singlet transition of oxygen vacancy for 283 nm, and
the radiative recombination of separated carriers on the vacancy-interstitial ¥gii®;J and (Vo ;(0,);) for
468 and 558 nm, respectively50163-18209)07337-3

[. INTRODUCTION optically damaged areas created by focused visible and near-
infrared light inside vitreous silicav()SiO,. Well-defined
Since the first observatidrof intrinsic defect photolumi-  spectral positions and the form factor of PL bands allow us
nescencéPL) in annealed and neutron-irradiated amorphougo discuss the structure of corresponding defects on the basis
(a-)SiO,, much effort has been made to determine the ori-of photoluminescence excitatidPLE) spectra, the defects’
gins and structure of defects in different kinds of silica: crys-generation power law, and the time decay of the PL bands.
talline (c-)SiO,;? wet and dry &-)Si0,;*™° electron-® A comment should be made regarding the terminology
yray—/"° and neutron-irradiated(Ref. 1); ultraviolet used for the defects because even different defects can be
irradiation® and hydrostatic pressudfe densified; and named in the same way; primarily, the naming of the defect
Ge-dope?1*and Si-rich®!® The formation of defects is of takes into account thE’ center and the oxygen vacarfty.
particular importance in applications where $i® grown  Hereafter, we will refer to &=Si—SE defect as an oxygen
over Si because the dioxide layers are strained under suslacancy ¥o) that is an electrically neutral diamagnetic
conditiond® and are less resistant to defect formation undedefect (hereafter - denotes a bond,and denote an un-
irradiation”*” The production of luminescent porous Si and paired electron and a trapped hole, respectivéther, his-
silica containing Si nanocrystafscannot be achieved with- torical names for an oxygen deficiency defect can also be
out understanding the role of defect formation within thefound?’?® The defect can be in either an unrelaxed
Si-Si0, interface'®?° Issues related to the degradation of =Si--SE= or a relaxed=Si—SE staté’~* according to
ultraviolet (UV)-grade optic¥’ and optical fiber¥*?* under the different Si-to-Si distance. Tight-binding calculations
conditions of elevated irradiation powers are also of interesshow that two types of oxygen vacancies with different Si-Si
in this regard. Despite the significant progress that has beegtistances give optical transitions at 5.85 €42 nm for an
made in these areas, a full understanding of defect generatiamrelaxed defed(Si-Si distance of 3 Aand 7.6 eV(163 nm)
and structure in different glasses has not yet been developdar a relaxed defect’ Experimentally, the absorption band
and these issues remain a matter of debate. for the relaxed oxygen vacancy was found to be at 7.6
Recently, the fabrication of optical waveguides by in-eV,>?#2°while the absorption for the unrelaxed vacancy ap-
duced damage in different glas&® using the focused ir- pears at 5.1 e\243 nm,”® which is referred to as thB,a
radiation of visible light has been reported; in addition, glasgRef. 5 or B, (Refs. 3 and #absorption band. Th&’ (or
has been proposed as a media for three-dimensional optickl) center is another well-known defect with an absorption
memory with multilayered bit recordird2° These last ap- band around 210 nr¢Ref. 3] that, as is now well accepted,
plications, in particular, require a deeper understanding oéonforms to a trapped hole on an oxygen vacahapnd usu-
the behavior of induced defects than has been developed thafly acts as a nonradiative recombination cefitdpifferent
far. signatures of this defect can be foureESi-oSE,” which
Our aim in this study was to explore PL originating from shows the defect structure, e=Si-,*® which indicates the
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paramagnetic nature of the defect, which has been well ex- Damage inducing power (uJ)
plored by electron-spin-resonant measureme&fits The
counterpart of this defect is interstitial oxygen in the form of
o 10

Il. EXPERIMENTAL PROCEDURES

Two kinds of dryv-SiO,, ED-C and ED-B (Nippon
Silica Glass C9, which were classified according to the con-
centration of the hydroxyl group OH, being less than 1.0
ppm or less than 10 ppm, respectively, were irradiated in an
optical microscope by focused pulsed laser shots through an
oil-immersed objective lens of 1060 magnification and nu-
merical apertureAy=1.30. In the case of picosecorigs)
fabrication, we employed an Optiphot 2, Nikon microscope,
while for the femtosecondfs) fabrication, an Olympus IX
70 inverted-type microscope was used. A laser system that

generates and amplifies 800-nm wavelength pulses at a rep- [ x10
etition rate of 5 kHz with a pulse wittFWHM value of %
approximately 130 fs was used as a damage-bit-inducing 0 ; L=

light source. This light source was composed of a mode- 300 400 500 600 700
locked Ti:sapphire laser Tsunami pumped by argon-ion laser Wavelength (nm)

Beamlok 2080, and a kilohertz-pulsed Ti:sapphire regenera- ) )

tive amplifier Spitfire pumped by a multikilohertz intracavity ~ F!G- 1. (8 Photoluminescence spectra of drySiO, (ED-B)

doubled Nd:YLF laser Merlin(all from Spectra Physigs  ©Ptically damaged by 800 nm, 130-fs pulses of 0.75x3nergy
This system can deliver radiation up to 1.2-W power at £ measured at the entrance of the microscope. The corresponding
| ight damage-inducing irradiation energies per pulse as experienced

et e D 0T e SN e i vere 8 v damaged hukade, 5 9. 240,
ergy stability of 3% (root-mean-square estimateAnother _360, 480, and 600 nJ_, in accordance with a light attenuatlor_1 of 0.02
laser source used for the ps fabrication was the Nd:YAG'; troduced by the mlcros.(.mp‘?b) Spectra of d_ryEI_D-_B v-Si0,
. . efore (1) and after modification by 400-nm irradiatid®2). The
laser Eksplg_PL2143A with an operation Wav_elength of 532spectrum oED-C v-Si0, damaged by 532 nm, 30-ps pulg@sis
nm, a repetition rate of 10 Hz, and a pulse width FWHM of reqented 10 times multiplied. The power lawsaofg, and y PL
30 ps. ) ) . _ band intensities are presented in the inset: intensity of photolumi-
By controlling the scanning stage velocity, damage bitshescene bands vs damage-induced irradiation energy at 800 nm.
were uniformly distributed in plane with a spacing of severalthe PL was excited by 250-nm irradiation. The second order of
micrometers inside a-SiO, plate. Hereafter the term “dam- excitation at 500-nm is covered by a boxed area. Up to 11% of PL
age bit” is used to refer to any observable silica transparencin y band can be caused by a second diffraction order of 280-nm
change recognizable under a conventional optical microband.
scope. PL and PLE spectra were measured by means of a _ o
fluorescence spectromet@iP-4500, Hitachifurnished with ~ Pulse duration, and power. Three distinct bands at 283, 468,
a photomultiplier used as a detector and a 150-W Xe lam@nd 558 nm appear, in contrast to the featureless PL spec-
used as an excitation source. trum from undamaged silica. The distinct feature of all the
PL time decay was measured by the time-correlated’L data is that exactly the same bands were found in spectra
single-photon-counting method. The PL excitation lightfrom damaged/-SiO, when damage was induced by differ-
source was the Ti:sapphire fs-laser Tsunami pumped by th@nt Visible and near-infrared focused irradiation of 1.3(Hlls
solid-state laser MillenniéSpectra Physigawith subsequent 400 and 800 nmand 30 pgat 532 nm, as presented in Fig.
frequency doubler and tripler stages. As a monochromatok(D). The common conditions of the damage-bit creation
we utilized the ARC300i, Acton spectrometer and as a dewere: (i) sub-band-gap irradiation quanté) energy density
tector the multichannel-plate photomultiplier R3809-50U €xceeding the optical damage threshold of a few GW/cm
Hamamatsu Photonics. The recorded PL transients were déRef. 21 at the focal point where the damage was caused;
convoluted as multiexponential decays. and (iii) single-shot irradiation for every damage bit, which
A charge-coupled device camera was installed on the miwas realized by proper adjustment of the velocity of the op-
croscope to monitor the fabrication. Following the procedureiical stage of the microscope with the repetition rate of the
described elsewheré the actual laser pulse energy experi- 1aser pulses. Identical PL band spectral positions were found
enced by the samplE; was calculated by measurement of from the damage bit areas in both kinds of dnsiO, used
the microscope transmissioh and the incident laser pulse (Fig. 1).
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Photoluminescence intensity (arb.units)

energyE,, according toE;=TE;,. ~ The power law of defects generation vs the damage-
inducing pulse energy can be extracted from the PL band

Ill. EXPERIMENTAL RESULTS AND DISCUSSION intensity[Fig. 1(a)]. As can be seen in the results plotted in

A Photolumi the inset of Fig. (a) linear dependencies were found valid
- Photoluminescence spectra for the 283- and 558-nm PL bands, while a slope of 0.73 was

Typical PL spectra of damaged SiO, are presented in found for the 468-nm banddetailed consideration in Sec.
Fig. 1 for different damage-inducing irradiation wavelengths,Ill C). Since the irradiation of the silica was carried out with
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FIG. 3. PL time decays for, B, andy PL bands. The single

. exponential decay3.7 ng of PL at 283 nm on an extended time

c scale of 11 ns is presented in the inset. The instrumental response is
depicted by a dashed line.

absorption at the oxygen vacanby, center>?° The same
spectral positions of the PL bands and their excitation spectra
imply that the same silica structural modifications were in-
, , , - troduced by 130-fs or 30-ps pulse irradiation at different
220 240 260 280 500 600 wavelengths; nevertheless, it has been repdttétht the
PL excitation wavelength (nm) morphology of the bit area created inside the glass is differ-
. o . ent from that on the surface, where fracture and ablation are
FIG. 2. Photoluminescence excitation spectrav #i0, where  gpserved in the case of pulses shorter than 10 ps, with melt-
the bit damage areas were created by 800 nmu24nergy per  ing occurring for longer pulses. Again, this phenomenon can

pulse irradiation irED-B v-SiG, (a), by 532 nm, 0.24J energy per - po' oypjained by defect generation originating from a one-
pulse irradiation inED-C v-SiO, (b), and by 400 nm, 0.%J en- photon absorption process
ergy per pulse irradiation ifED-B (c). The PL was excited by '

250-nm irradiation.

B. Photoluminescence time decay

sub-band-gap energy photons i.e., the highest energy per The PL time decay is presented in Fig. 3 for all three PL
quantum was 3.1 eV400-nm irradiatiol, the defect genera- pands. There was no difference between the time decays of
tion was expected to occur due to multiphol®fP) absorp-  p|_ from damaged areas introduced by different wavelengths
tion. The deposited laser shot power creates damage at the pyise duration, or made in different kinds of drySiO..
peak of a focused Gaussian beam profile where the intensitye can see that after a 250-nm excitation, only the 283-nm
is sufficient to produce MP excitation of free carriers inpand decays exponentially with a time constant of 3.7 ns,
v-SiO,. These free carriers are heated further by a oneghich is consistent with the reported value of 4.2 ns for the
photon absorption of the same laser pdfs&he excess en- S,—S, transition of oxygen vacancy:?® The other two
ergy of free carriers is coupled with the lattice on the pspands show more complex stretched exponential decay re-
scale, which is what is responsible for the difference betweegempling the PL decay of the-PL band over a longer period
fs and ps fabrication of damage bits. In the case of fs pulSestens of ng. Since PL was excited by an initial absorption at
the lattice gains the energy after the end of the pulse, whilghe v/ defect, it is reasonable to expect that different PL
for ps irradiation the lattice is heated up during the pulSesands occur due to the recombination of electrons and holes
itself. The eventual damage area has been found to be diffegjstributed over neighboring defect sites. However, initial
ent in size for ps and fs fabricatidfin both cases, the area yrapping was not resolved within our temporal resolution of
is composed of two regions: a central part constrained withirsg s, | ater these separated carriers recombine yielding in
a focal point with an approximate diameter oAy in ac-  pi_'which decays by stretched exponential law. Of the de-
cordance with the diffraction-limited spot size, whexés — fects involved, most are probably oxygen interstitials in the
the irradiation wavelength, and an outer shell of densifiedorm of O and(0,);, which are the counterparts and nearest
v-SIiO;, approximately lum in diameter. The described pro- nejghhors oo and which act as electron traps due to the
cess of defects creation is consistent with our observed firgfjectronegativity of oxygen.
(a andy PL bandg or lower (8 band order power lawinset
of Fig. 1), since the process corresponds to the one-photon
absorption by light-generated carridibe nature of the de-
fects is discussed in Sec. II)C One of the most probable mechanisms Yoy generation
The new experimental findings suggest that PLE spectrgould be: Si-O-StNXxXhv—(V;0;), where the oxygen
originating from damaged areas created by fs and ps subyacancy—interstitial pair is the result of silica optical damage
band-gap irradiation exhibit peaks at 250 nm with a bandinduced byN photons of energiv (O, is expected to form
width of 18—-20 nm, as depicted in Fig. 2. The PLE maxi-a weak donor-acceptor linkage with the nearest normally co-
mum of all three PL bands at 250 nm is due to a primaryordinated O atom Here, we assume that the consumed pho-

C. Defect generation
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tons heat the damage area and favor stalsieparated it is possible to create stable Frenkel plisince elevated
enough vacancy-interstitial generation. Therefore, the num-temperatures during the sample preparation are favorable for
ber N is not directly related to thé-power law of defect large interstitial-vacancy distances.

generation, but rather to the efficiency of the one-photon
absorption(first power-law process. A similar reaction for
the creation of another pair of defect&’(O,”) has been
reported'® In addition, it has been shown that annealing at Discrepant data on the defects in silica and related PL
600 °C annihilates the vacancy-interstitial pRiit our em-  bands are available, e.g., the 290-nm band has been attrib-
ployed silica irradiation conditions, the temperature was asited to the spin selection rule forbidden triplet-to-singigt

high as the melting point of silica at about 1710®ef. 3¢  —o transition?*® but more recent experimental data_sug-
in the focal point. After such an annealing, the presence ogest the presence of a singlet-singBt— S, transitiort>?®

the vacancy interstitial, \(o;0;), is more common in the for the oxygen vacancy. Physically, this means a transition
area surrounding the damage bit where the temperature w&&tween the localized states that result from the bonding and
somewhat lower. This can explain, in part, the lower powerantibonding combination of thep orbitals of two Si atoms

law (slope 0.73 for the PL 8 band, when some of vacancy- Yielding a 283-nm luminescence. o
interstitial pairs relax into the initial form of Si-O-Si due to ~ Similar to our observed PL band, a band 50 nm in width

such an annealing. at 468 nm has been reported when silica is excited by UV
Another more chemically stable pai/q:(O,);) can be irradiation of 7.9 eV(Ref. 29 or by electron&or y rays!™
created in the central part of the damage, since |onge‘ﬁuch luminescence has been attributed to the radiative decay
vacancy-interstitial distances can be induced. For this to ocof self-trapped excitons after throughout—band-gap excita-
cur, it is necessary for two oxygen interstitials 10 be able  tion by electron¥’ or UV irradiation? Self-trapped excitons
to react with each other to forf©,); . This defect pair can are considered to be an interstitial-vacancy pair, for which
be created by the following reaction(S-O-S)+Nxhy  the interstitial takes the form of an,@nolecule according to
—Vo+ (Vo;(0,))), which implies the generation of ¥,  the optically detected—magnetic-resonance dfata. addi-
defect and a paifVe;(0,);) in equal quantities. We found tion, PL in the spectral region of 460-520 nm have been
that the same power law of defect generation doand y  attributed to the triplet state decay ¥, although the
bands(inset of Fig. 2, which implies that there is a propor- triplet-state lifetime should exceed that of the singlet state.
tional density for these defects. On the basis of the presentaff€, however, have observed a faster decay ofAhsand
experimental data, we propose that the presence of PL ban#3an that of thea band (Fig. 3. The PL excitation pulses
is due to a recombination of electrons and holes separated §¥ere tested at different repetition rates to avoid overexcita-

the defect pair§Vq;(0,);)) and (Vo;0,) for PL bandsy and tion, but PL transients longer than those shown in Fig. 3
B, respectively. were not obtained.

The intradefect Origin of the PL band at 468 nm is Similar 2.2 eV(564 nI’T) and 0.44 eV bandwidth PL bands

supported by observation of nonexponential PL d&tay have been reported ig-rays—irradiated glaSsvhen the PL
probed at this wavelength, which is due to the disorderiS excited by 3.8-eM326-nm) He-Cd laser irradiation. This
influenced distance distribution between the reacting defedfL band has been attributed to the radiation of a paramag-
pairs. The almost twice-broader PL bandwidth observed afe€tic defect, where one electron is delocalized over a cluster
558 and 468 nm as compared with the 283-nm bidig. 1)  of five Si atoms. The generation process\af and (O,);

reflects the distance distribution between the defects indefects when the oxygens are misplaced into an interstitial
volved. location after a breakage of the four nearest Si-O bonds of

Under the irradiation intensity considered-100 the same Siatom, which is in the middle of the fragment

GWi/cnt, the generation of permanent defects such as {
E’, Vo, (0y;, or O is possible. The creation of =8i-0-S8i-0-Si=,
metastable Frenkel defect pairs ¢aSiO, and fused silica '
by electron irradiation has been reporfedhe possible results in a structure resembling the paramagnetic defect
mechanism of the defect generation has been proposed of the five Si atoms considered above. Moreover, the Si-O-Si
terms of the nonluminescent recombination of self-trappedr Si-Vo-Si intertetrahedral bond angle is known to be
excitons®3? This concept was originally introduced to 144 in silical***°although it has been found to be reduced
explain defect generation in alkali halides and has beein densified glasseésThen, under the conditions of optical
shown to be suitable for glass&sThe generation of elec- silica damage, some of the Si from neighboring Si-O-Si
trons and holes by MP absorption causes a relaxation of mahains can come near enough for the pairs to resemble Si-Si
terial in response to the creation of a pair of positively andunrelaxed bonds. Such modification is consistent with
negatively charged defects, which eventually traps the gerthe well-accepted viett that glass densification is caused
erated carriers. by a reorganization of the ringlike structure of -3iGon

The densification of the glass in the vicinity of the focal tetrahedrons into a similar structure consisting of similar
point is a natural consequence of the microexpldSiehat  rings.” TheV, defect acts as a ring breaking-closing point. It
takes place inside glass during irradiation; i.e., melted glasbhas been reported that even a new phase of silica can be
is accelerated sideways from the focal point and is then theformed at the high-pressuré>21 GPa and elevated-
mally quenched, freezing in the defects. The resulting detemperaturg~600 K) conditioné? that are expected to be
fects induced in the densified glass are stable on a yeariyet during the optical damage of siliéaUnder the high-
scale, according to our experience; these results suggest thatensity irradiation we employed to damage th&iO,, the

D. Photoluminescence bands
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generation of(Vq,(0,);) could produce a cluster of five Si IV. CONCLUSIONS
atoms. Nevertheless, whether this cluster belongs to the Iu- \ye report, to our knowledge, the first observation of PL
minescent species itself is not obvious. According to theyng pLE spectra originating from optically damaged dry
model proposed here, PL arises from the recombination of_sjo,. PL bands at 283, 468, and 558 nm were observed.
carriers trapped on the pair of oxygen interstitial vacancy;rhese bands can be induced by visi@60 nm, 532 ntand
but it is not due to the bimolecular recombination of carriersnear-infrared 800 nn irradiation of silica with fs(400 nm,
inside the Si cluster. 800 nm, or ps(532 nm focused pulses and are attributed to
Another proposed explanation for the 2.2-eV PL bandthe following transitionsS,— S, of the oxygen vacancy de-
that appears after a band-to-band excitation is that théect for 283 nm, and the radiative recombination of separated
band is due to a self-trapped exciton radiative decay, byarriers on the pair of defectd/§;0;) and (Vg;(O,);) for
which interstitial oxygen is returned into a stoichiometric 468 and 558 nm. The proposed model of defect structures
Si-O-Si positiont® annihilating the defect itself. A similar can explain observed PLE spectra and PL time-decay data,
origin has been attributed to the 2.8-eV PL ban@i0,.>  and itis also consistent with the data reported thus far. How-
It has been reported that these defects are unstabRver, the distinct location of the defects in the silica’s band
when induced at cryogenic temperatutéBased on our 9ap needs to be established. o
PL data, it follows that the8 and y bands(Fig. 1) are The unique conditions of optical silica modification em-
evidently related to the initial absorption at tMg, center ~Ployed in our experiments, namely: high-temperature anneal-
due to their similar PLE spectréFig. 2. The observed N9 of nonradiative centers in the region of optlcal damage; .
PL band at 558 nm was excited by subband-gap excital® contact of the damaged area with the outside atmosphere;

tion, which excludes the self-trapped exciton from consider0 average stoichiometry changes induced during irradiation;

ation. Also, our proposed model in which the oxygenand the high purity of the silica are favorable in using such

interstitial-vacancy pairs are responsible for the PL band?pt?ca”y damaged siIi_ca as a reference material for investi-
is consistent with the established fact of a low rate gf O gating defects in modified glasses.
diffusion in densified glasses with an activation energy of
1.3 ev/t

It is noteworthy to mention, that a PL band at 650 nm, The present work was partly supported by a Grant-in-Aid
which is usually attributable to the PL of the nonbridging for Scientific ResearcliA)(2) from the Ministry of Educa-
oxygen hole centee=Si—0-,° was observed only in the tion, Science, Sports, and Cultu(lo. 09355008 and the
silica irradiated by the intensities 2—3 times higher than thaBatellite Venture Business Laboratory of the University of
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