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Radiative decay of vacuum-ultraviolet excitation of silica synthesized by molecular precursors
of Si-Si sites: An indicator of intracenter relaxation of neutral oxygen vacancies

A. Paleari* N. Chiodini, D. Di Martino, and F. Meinardi
Istituto Nazionale Fisica della Materia, Dipartimento di Scienza dei Materiali, Universita di Milano-Bicocca, via Cozzi 53,
1-20125 Milano, Italy
(Received 21 May 2004; revised manuscript received 27 September 2004; published 1 Februpry 2005

A well defined type of oxygen deficiency has been induced in the silica network by introducing Si- Si groups
through a molecular doping based on the sol-gel synthesis. In this material, we have investigated the visible
and UV photoluminescencéL), up to 7 eV, arising from localized states excited in the energy range
3-12 eV by synchrotron radiation. The PL excitation spectrum is dominated by one main sub-band-gap
excitation band, peaked at 7.1 with a full width of half-maximum of 0.8 eV. No PL arises exciting at 5 eV,
specifically no PL band at 4.4 and 2.7 eV are observed, ruling out the formation of twofold coordinated -Si-
sites. These data confirm all previous theoretical and experimental assignments of transitions at about 7—8 eV
to localized excitations of neutral-oxygen-vacari®OV) sites. Exciting in the vacuum-UWUV) above
7 eV, the investigated material does not show the typical 4.4 and 2.7 eV PL observed in fused silica. The
peculiar NOV configuration appears to inhibit the photoconversion process responsible in fused silica for the
VUV excitation of the twofold coordinated silicon emission. The main emission is peaked at about 3.7 eV,
with a PL lifetime of about 1us. A minor component with a much slower lifetin®00 ws) has been detected
at 2.9 eV, with a further minor excitation channel at about 6 eV. All emissions excited at 7.1 eV show an
intensity decrease with the temperature, but a negligible thermal change of the lifetime. The results give an
indication of the possible energy level structure of NOV and evidence an efficient nonradiative decay mecha-
nism of the excited state, caused by a strong electron-phonon interaction during the VUV excitation of the
defect. The analysis of the data suggests a large Si-Si bond relaxation of about 0.1 nm, giving definite
experimental confirmation of previous theoretical calculations.
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[. INTRODUCTION bands at 5 and 6.9 eV PL, respectively, while PL at 4.4 and
2.7 eV are assigned t6,— S, and T, — &, transitions, re-
Silicon-silicon covalent bonds in the 4:2 coordination spectively. In this scheme, the 7.6 eV band was initially in-
structure of silicon dioxide are among the key defect conterpreted as caused by transitions to a further excited state of
figurations responsible for defect-related processes in,SiOthe same defect, with &=Si- S= configuratiorf However,
many of them with a demonstrated technological relevancesuccessive studies, with detailed consideration of the kinetics
Point defects play an important role in several optical appli-of the PL decay processes excited at 5, 6.9, and 7.6 eV,
cations of silica, such as in photorefractive writing of opticalresulted in a new scenario with two kinds of oxygen-
waveguides and in vacuum-ultraviolefVUV) photo- deficient centersODCg, named OD@) and ODCII), ab-
lithography!—2 Nevertheless, the attribution of the optical sorbing at 7.6 and 5 eV, respectiv@lp few studies inves-
features arising from point defects are still debdté@uite  tigated the possible attribution of OME and ODGCII) to
surprisingly, a major uncertainty concerns the identificationrelaxed =Si-SE= and unrelaxed =Si---SE  sites,
of transitions pertaining to the neutral oxygen vacancyrespectively’ also by means of theoretical calculatidfst*
(NOV) in the form of=Si-SE= sites, which is expected to More recently, during the last decade, SRjaroposed a
be the basic and more abundant intrinsic defect in the silicaompletely different OD@I) model, now widely accepted,
network. Optical absorption at 7.6 eV in oxygen deficient orwhere the phenomenological scheme of the 5 and 6.9 eV
neutron irradiated silica is almost consenstfadiitributed to  excited PL, with all implications on lifetimes, temperature
excitation of this site from its ground-stafg singlet to an  dependence of relative intensities, and cation-substitution
excited S; state. This attribution is based on experimentaleffects on transition rates, is well accounted for by a
and theoretical evidendeAlternative assignments were pro- twofold-coordinated -Si- configuratight® whose C,, local
posed earliér and more recentl§’ Further complications symmetry is also consistent with polarization-sensitive PL
come from controversial assignments of the emission bandseasurements. Ab initio calculations have recently con-
observed by excitation at 7.6 eV: a fast 4.4 @&w ns decay firmed this proposal®® However, the upgraded interpreta-
time) and a slow(about 10 ms of decay time.7 eV photo- tion of ODQII) further complicated the assignment of the
luminescencéPL) bands. These emissions are excited withinODC(I) optical activity. In fact the problem arose of explain-
PL excitation(PLE) bands at 5 and 6.9 eV, and also in agree-ing the coincident PL features excited at 7.6 and 5 eV. A
ment with a four-level intracenter scheme comprising threeanodel of defect conversion upon 7.6 eV excitation from
singlet states,, S;, andS,, and a tripletT; level. TheS,  =Si-SE= sites to -Si- configuration, with a possible nonra-
—S, and §— S, transitions are responsible for excitation diative decay towards twB’ centers(i.e., unpairedsp’ elec-
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trons in threefold coordinateg=Si- siteg was proposed by ment, especially within a highly hydrated low-density ma-
Skuja® and then theoretically demonstrated by moleculartrix. Specifically, care should be taken to account of the pos-
dynamic(MD) simulations?® From an experimental point of sible occurrence of reactions, in principle chemically
view, detailed measuremeftshave recently confirmed that feasible, such as

an intersystem process is involved in the 7.6 eV excited

4.4 eV PL. On the other hand, recent numerical calculations =Si-Si= = = Si+ =Si—, (1)
by embedded density-functional theory of configuration en-
ergy suggest possible intracenter PL frdgnand S, states of =Si-Si= + =Si-OH= =Si-H

=Si-SE= sites in the same energy range of emissions from
-Si- sites, although with a large energy uncertafdty? In

addition, the previously quoted MD stuiygives a non-null o ) )
activation energy for the defect conversion fremSi- S= =Si-Si=+H,0==Si-H+=Si-OH. (3

to -Si- sites. Even if its valu€0.72 eV} is probably overes-  peaction(1) expresses the possibility of the thermally ac-
timated, this suggests a possible intracenter decay, and it {§/ated reaction of defect conversion between @D@nd
not clear whether it is superimposed on the -Si- emissions ohp (1), analogous to the VUV excited defect conversion of
strongly inhibited by the occurrence of a largely more fa‘ODC(I) decaying in OD@I) proposed to explain the excita-
vored photoconversion of thesSi- SE= site. In fact, no in-  ion of ODA(l) PL within the ODGI) absorption band?:2°
tracenter radiative decay from ODIChas yet been identified  oceyrrence of this reaction would compromise the selectiv-
as free from interference with optical activity ascribable toity of the synthesis method in doping with ODIT only.
stable or transient OD@). As a consequence, the energy checking the absence of PL from ODID, we verified that
structure and the occurrence itself of NOV centers have reme equilibrium of reactiorfl) is largely unbalanced towards
mained elusive. o ODC() throughout the synthesis route, confirming that
_In this work, we have found a way to foree=Si-SE=  —gj.Si= sjtes from EMODS are stable as regards reaction
sites into a conﬂgurz_mon that prevents the occurrence 0(1). Reactions(2) and (3) may instead be really efficient
ODC(Il), either as native or transient defects from NOV pho-qing the thermal treatment in removing a major fraction of
toconversion. This result gives evidence for the sensitivity okpe —sj- Si= sites introduced by the synthesis, because of
the photoconversion process to the defect environment, angle great amount of OH groups and adsorbed water in the
gives also an insight into the possible NOV transitions andist steps of the sol-gel preparation method. In fact, hydroxyl

+=Si-0-Si=, 2)

energy structure of this basic defect in silica. groups and water molecules are highly reactive in silicon
dioxide, as experimentally and theoretically pro¥&d> Re-
Il. EXPERIMENT action (3) has been recently studied by first-principles

calculations’® To verify that the equilibrium of reaction®)
. ] ] . ~and(3) is not completely unbalanced towards the formation
The choice of the kind of material synthesis was crucial ingf =Sj-H sites, a parallel synthesis of samples from TEOS
this work to obtain a system enabling the investigation of ayjth addition of triethoxysiland TREOS Si(OCH,CHy)sH,
particular kind of oxygen deficiency. To ensure the |ntr0duc'containingESi-H groups, was carried out. In fact, if a frac-
tion of the specific NOV configuration, synthesis of silica by tion of =Si-Si= sites is stable as regards reactit®)
the sol-gel method was used. This method starts from roorthroughout the synthesis route, the material resulting from
temperature hydrolysis of molecular precursors of the silicgyqdition of TREOS should contaiz=Si- SE= sites as well.
SiO4.tetrahedraI units, specifically ($.)CH2CH3)4.(TEOS,_ ~ Anyway, amounts of EMODS or TREOS of few mol % were
forming a low-density skeleton that is successively purifiedysed to assure a less than complete reaction with hydroxyl
from solvents and organic radicals, as well as dried and dergroups in the final high-temperature steps of the treatment,
sified, thrOUgh a slow thermal treatment in controlled atmOWhen OH content drops at smaller values. Therefore, oxygen
sphere(usually in a flux of oxygehup to about 1000 °€%  deficient silica samples were prepared by co-gelling TEOS
In this way, ethyl and methyl groups are removesten be-  and 1 or 5 mol % of EMODS or TREOS in ethanol, as a
low 500 °Q), as well as possible carbonyl residuals. Puresolvent, by adding kD (TEOS/H,0 1:8 molar ratio, TEOS/
silica with the typical density of vitreous silica is finally ethanol 1:3 volume rato Gelation occurred in a few days at
obtained, with a content of OH groups of the order of40 °C. Xerogel was then obtained by slowly evaporating the
0.1 at. %. _ solvent. The final transparent glass has been produced by
In the first step of the synthesis, other molecular reagentfeating in inert atmosphere,Nor Ar (4 °C/h) up to com-
may be introduced together with TEOS to achieve complexyjete densification at 1050 °C. Reference samples from

compositions or doping of the silica matrix. The hexam-TEQS were also synthesized for comparison.
ethoxydisilane(EMODS) Si,(OCH,;)s molecule, containing

the=Si- S group, can be used to introduce NOV sites in
the silica network, provided that a suitable inert atmosphere
prevents complete oxidation of the material, comprising all PL measurements were carried out using synchrotron ra-
Si-Si bonds, during the thermal treatment. However, even idiation at the SUPERLUMI experimental station of HASY-
an inert atmosphere=Si- S sites may react and convert LAB at DESY (Hamburg, Germany in the temperature
into other coordination structures during the thermal treatrange between 9 and 300 K. The excitation spectral band-

A. Material synthesis and treatments

B. Optical measurements
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FIG. 2. 10 K PL spectrum excited at 7.1 eV in NOV-doped
silica produced by the sol-gel method, and PL excitation spectrum
of PL at 3.7 eV.

FIG. 1. (a) Raman spectra at 300 K of silica produced by the
sol-gel method with addition of EMOD&urve 1) and commercial
synthetic pure silicaTetrasil B, Haereys(curve 2. Spectra are
shifted for clarity.(b) Difference spectrunfcurve 2-curve L In-
set: infrared spectrum of silica produced by the sol-gel method wit€siduals of the solgel synthesis in form of ethylic or meth-
addition of EMODS. ylic groups, whose vibrational modes should give narrow

peaks in the range 2800-3000 cm, but only a relevant con-

width was 0.3 nm with photon energy ranging between 5 angentration of Si-OH sites. Visible and near-UV absorption
12 eV. PL signals were detected by a photomultiplierSPectra from 800 to 200 nm and EPR measurements of

coupled with monochromators with 3 nm of emission band-Samples of the final material did not evidence any detectable
width up to 5 eV, and 0.5 nm up to 7.5 eV in a vacuum optical or paramagnetic activity from metallic or other impu-

chamber. Data were corrected for the spectral dependence tifies or intrinsic color centers, showing completely flat spec-
the excitation intensity. Time resolved measurements in thira-
nanosecond domain were carried out with a time window of
200 ns and 0.8 ns overall time response. Slow PL decays
were measured by chopping the excitation with a time win- ] o ) ]
dow of 20 or 500us and 1 or 25us of pulse rise time, Analysis of PL activity was carried out coI.Iectlng PL
respectively. Lifetime values were calculated by fitting decaySPectra at several excitation energy values in the range

curves as a convolution of contributions from exciting pulse®—38 €V to identify the defect-related sub-band-gap excited
and emission decay. emissions of the silica glass investigated. Excitation at en-

ergy higher than the gap of silica was also carried out at

11 eV. This analysis, throughout a set of different samples
Ill. RESULTS synthesized from TEOS, TEOS and EMODS, and TEOS and
TREOS, evidenced one kind of PL activity, efficiently ex-
cited at around 7 eV. This activity is completely absent in

Analysis of the main physical and structural features ofundoped silica samples produced via the same route from

the final material was carried out through measurements ofFEOS only. No sample exhibits PL excited at around 5 eV,
refractive index(using the prism-coupler technigugoros-  ruling out the formation of ODQI).
ity (with the Bnanauer-Emmett-Taylor methpdRaman The observed emission is peaked at 3.7 eV, with a shoul-
analysis, visible and IR absorption, and electron paramagder at about 2.9 eV, and an excitation band peaked at
netic resonancéEPR measurements. We found a refractive 7.12 eV with a bandwidth of about 0.8 eMull width at
index value 1.45705+8 10°° at 633 nm, to be compared half-maximum(FWHM)] (Fig. 2). Possible PL components
with 1.45702+3< 10°° of commercial pure silicd® This  inthe VUV up to 7 eV were also looked for, using a different
value is consistent with the transformation of the xerogelgletection line, but no other emission was found.
into glass after the thermal treatment at 1050 °C, as expected Significant intensity changes were observed changing the
from this kind of route?> Measurements of surface area aftertemperature, as shown in Fig(a Specifically, the PL in-
the thermal treatment did not give values above the sensitiensity, irrespective of the emission energy, grows following
ity limit (1 m?/g). The Raman spectrum in the phonon en-the temperature dependence shown in Fig).8By contrast,
ergy range 200—1300 cr[curve 1 in Fig. 1a)], with broad  distinct PL lifetimer values pertain to the PL components. A
structures centered at 440, 800, and 1050—1200 oy, longer PL decay7~800 us) is observed for the minor com-
w3, and w, modes, respectivelyand peaks at 495 and ponent at 2.9 eV, whereas a lifetime of abouytd has been
606 cmi! (D, and D, peaks, respectively reproduces the estimated for the emission at 3.7 eV. No relevant change of
typical features of pure silice. These data reflect the forma- lifetime was observed increasing the temperature.
tion of a glassy network without crystallization or spurious The bandwidth of the excitation spectru(@.78 eV at
phaseg®29The comparison with the spectrum of a commer-8 K) shows a small thermal broadening of 0.07 eV when
cial pure silicalcurve 2 in Fig. 1a)] does not show signifi- heating the sample to 300 KFig. 4(@]. Such a large
cant deviationgddifference spectrum in Fig.(t)]. The IR  temperature-independent bandwidth indicates either a strong
spectrunfinset of Fig. 1a)] rules out the presence of organic electron-phonon interaction or a large inhomogeneous con-

B. Photoluminescence

A. Material characterization
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produced by analogous sol-gel preparation method, with
comparable probability of contamination from impurities due
to either the reagents or the process. Therefore, the 7.1 eV
PLE cannot be ascribed to impurities or extrinsic residuals of
the synthesis process. The analysis of the physical and struc-
tural propertiegSec. Il A), in agreement with other studies
on sol-gel silic&?? confirms that the sol-gel route, after a
thermal treatment at temperature higher than 1000 °C, gives
rise to the formation of a fully inorganic matrix of amor-
phous SiQ with a purity level comparable with commercial
synthetic pure silica. Raman data, together with refractive
index and surface area measurements, show typical bulk fea-

FIG. 3. () PL spectra excited at 7.1 eV in NOV-doped silica tUres without detectable evidence of a porous ma#i.
produced by the sol-gel method and densified up to 1050 °C af Nerefore, surface defects are unlikely to be responsible for
different temperatures from 8 K to 300 Kvith intensity decreas- (e observed PL activity. As a matter of fact, PL emissions of
ing by increasing the temperatinia steps of about 50 K(b) Tem-  Porous silica or silica xerogefs* show PL bands in the

perature dependence of the PL intensity. The curve is the best faPectral region 2-4-eV, but with small Stokes shift
from Eq. (7). (0.5-2 eV from the excitation and fast PL decay time in the

nanosecond domain, in contrast with the excitation and life-

I . . . .time features of our data. Anyway, the optical activity of
tribution. To investigate this aspect, we have collected exci, orous silica-based materials typically vanishes after thermal
tation spectra at different emission energigsg. 4(b)], P ypically

showing no significant modification of the spectral shape aéreatment at about 1000 €.
9 g P P In summary, the strategy of synthesis, the material char-

Eiztjraed 4%))(F;elggeghf£3vr2 :r:n':}g? T;Zgeer}ﬁgil;l%/et:(rg?aq[?onneghgir_lg(:terization, the measurements of reference samples, and the
nel at about 6 eV, with a relatively larger yield for the 2.9 eV consideration of previous works on sol-gel silica, point to the

PL component. No relevant chande of intensity appears bassignment of the 7.1 eV optical transition to the excitation
mp ) ange of I Y app ¥f intrinsic defects, specifically te=Si- SE sites introduced
changing the temperature at this excitation energy.

by molecular doping in an otherwise pure silica network.
This result is in agreement with all previous theoretical
and experimental attributions of VUV excitation transitions
above 7 eV to NOV’s. Nevertheless, the approach we have
A. Origin of the PL activity followed to induce NOV sites gives rise to a PL phenomenol-

Our data show that a VUV PLE activity at 7.1 eV is in- ogy with three main peculiarities_(j) no optical activity is
duced in silica as a result of the molecular doping with pre_observed fro”.‘ oDal) decay, neither native nor ge|.’1e"rated
cursors of=Si-Si groups. The careful consideration of from pho.toa'ctlva.ted conversion C.)f VUV excited ODE (".) .
the possible reactions involving=Si- S== precursors during VUV excitation gives rise to previously unobserved radiative
the networking and densification of the silica mat(Bec. _decgy Char?”e's* a_r(d|) the VU.V PLE band related to NOV
Il A) suggests to ascribe the PL activity=eSi- SE= sites in is slightly different in energy with respect to the band usually

form of intrinsic defects. This is supported by the compari-alttribUtGd to ODQ) and_ fo_l_md in the_range 74-17.6 eV.. -
son between doped and undoped samples, and by the physi_The.o_bserved pecuhgrltles are gwd_ence of _the possibility
cal and structural analysis of the final material. In fact, theOf obtaining a NOV environment significantly different from

7.1 eV PLE is absent in undopdttom TEOS only silica that arising in silica produce_d gt high temperatu_re._ As re-
gards the lowering of the excitation energy, the shift is com-

parable with that encountered in other silica defects occur-
ring in different variants as a result of environment
modifications, such as bulk and surfaB centers(from
5.8t0 5.4 eV and native/extrinsic and radiation-induced
ODC(Il) (from 5.2 to 4.9 eV.*34 Indeed, theoretical cluster
‘ ‘ . calculationg® of the NOV energy structure showed that a
(B) slight modification of configuration constraints in the shell of
the six coordinating oxygen atoms, with a resulting change
of the Si—Si distance of only X 10 nm, is sufficient to
decrease th&— S, transition energy of 0.4 eV. Therefore,
: particular structural constraints, deriving from the molecular
6 eitation E7nergy ) 8 introduction of Si-Si sites via the sol-gel method, can really
justify a significant shift of the NOV excitation.

FIG. 4. (a) Excitation spectra of the 3.7 eV emission in NOV-  The lowering of transition energy from 7.6 down to
doped silica at 8 and 300 K. Solid curves are Gaussian fit of the/.1 €V is consistent with an excited NOV level deeper in the
data giving the indicated FWHM valueth) 8 K excitation spectra gap and a more localized charge density of the excited con-
of PL at 2.7(circles and 3.7 eV(triangles. figuration. Therefore, the strong Rydberg feature of the VUV
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\ S1 respect to the ground level of the site. Indeed, previous the-
oretical studies on the NOV configuration in silica suggested
a triplet state of the site with excitation energy of about
- Tq 4-6 eV and relaxation energy of the excited state of about
k 2 eV, resulting in a triplet-to-singlet transition energy rang-
ing from 1 to 4 eV. This was found by MD, Hartree-Fock, or
configuration interaction calculatiof51?142°Qur data in-
So deed confirm the possibility of intracenter radiative decays of

) N ) . NOV sites and give an experimental basis for a quantitative
FIG. 5. Schematic of transitions induced by VUV excitation refinement of further calculations.

involving singlet(S) and triplet(T) states of NOV sites. Radiative
(nonradiative transitions are indicated by solilashed arrows C. Effects of the temperature
with the respective rate constamtsgs. (4)—(6)].

x
=
]

VUV exc —>

e — —————

le—not observed

As discussed in the previous section, the thermal behavior
N . ) ~of Ip_reflects the temperature dependence of the competitive
S— S transition, evidenced by different theoretical nonradiative decay d#, to the ground state, which in turn is
studies;*#?° should be reduced in molecularly induced related to the vibrational properties of the excited state. To
NOV. A significantly higher potential barrier is thus expectedinyestigate this aspect, the thermal behavior of the PL inten-
for configuration changes, in agreement with the lack ofsity (inset of Fig. 3 may be analyzed starting from the ki-

NOV-to-ODC(l) photoconversion in our samples. Prelimi- netics of excitation and decay of the NOV site:
nary MD calculation® confirm the possibility of NOV con-

figurations with a barrier higher than 2 eV. ansz koMo — (ks + KisdNe, (4)
B. Scheme of radiative transitions
The results in Figs. 2 and 3, together with lifetimeal- Ent: kisds — ken (5)
. . . L . . S 't
ues, give an indication of the decay paths of this NOV vari- dt

ety. The lifetime values indicate a small transition probability
from the emitting level$T, state$ towards the ground state
consistent with partially forbidden triplet-to-singléf — S,

whereng, ng, andn, are the populations of NOV in th®&,, S,

' andT, states, respectively, while, k;, andksc are the total

. e rate constant&ccounting for both radiative and nonradiative
transitions. In contrast, no faﬁl_).so (ad|at|ve decay, €X- transitions of S, and T, decays towards the ground state and
pected in the nanosecond domain, is observed, |nd|cat|ngf the IST transition fromS, to T, levels, respectively, as
that strongly competitive decay channels are active from the, icated in Fig. 5. In this scheme, in the stationary state, the
7.1 eV excitedS; level. One of these is directed towards theintensity of PL emission is proportional to the populatign

T, levels responsible for the 2.9, 3.7 eV PL emissiOf. ¢ the radiativeT, levels, and dependence mfupon the rate
5). However, another competitive process is active, Consistzarts can be obtained:

ing of an efficient nonradiative decay to the ground state,

favored by the temperature, and competitive with the inter- o kisc ko
system crossmgISC) processS, — T, as well. In fact, the " kst kiscke o
PL intensity fromT;— &, turns out to be strongly dependent ) . ) ) _
on the temperature without a comparable effect on the PL AS discussed in the previous section, the lifetime mea-
lifetime. The PL intensity decreases by more than a factor ofurements and the decrease of PL at high temperature sug-
10 heating from 10 to 300 K, but no detectable change of 9est that the thermal dependencekoéndkisc is negligible.

is observed, ruling out that nonradiative decaySpktates 1 herefore, in Eq(6), the temperature dependencengfde-
could have a relevant role in the change of emission intentrmining the thermal behavior of PL intensity, arises from
sity. In addition, the ISCS,— T, process does not appear ks. The explicit dependence on the temperature can be evi-

significantly phonon assisted, unlike the OB defect con-  denced through the expression of the temperature depen-
figuration, since no evidence is observed for a positive condence of the raté& dominated by the nonradiative decay of

tribution to the PL intensity by increasing the temperature h€S; level to the ground state. The temperature dependence
Emission fromT, levels by exciting at 6 eV might reflect the Of the rate constari may be approximately described by an
radiative decay of the forbidde®— T, excitation. The very €xpression derived by Mott's activation-energy ¥k,
low intensity did not allow us a detailed spectral analysis and“ €XA(~Ea/KT) with a temperature dependent activation en-
no reliable value of PL lifetime could be estimated by excit-€rgdy Ea=B—(n)r whereB is the potential barrier for the non-
ing at 6 eV. In any case the attribution to PL excited by theradiative process from the minimum energy of the excited
S — T, transition is supported by the thermal behavior of thestate andn)y is Planck’s thermal average phonon number
PL intensity, which does not show relevant changes in thgexp(hv/kT)-1]* to take into account the thermal depen-
investigated temperature range, as expected on the basis @énce of the phonon contribution to the excited state energy
the lack of temperature dependence ofoy exciting at (with effective phonon energyhv) in a configurational-
7.1eV. coordinate approacli. As a consequence, the temperature
In this scheme, the PL emissions around 2.5-4 eV givaelependence of PL intensity,, proportional ton; given by
an indication of the energy position of the triplet state withEq. (6), takes the form

(6)
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| 1 @ sites, specifically the Franck-Condon offged between the
PL* _n_ : configurational coordinates of the two states in their relaxed

L+Aexi= (B~ (mm/kT] configurations. In faca=2\ (with a value of about 1)6is the
The fit of data in Fig. &) using Eq.(7) gives an energy dimensionless measure of the offset between the minima of

barrier B for the nonradiative process of 0.04 eV and anS; andS; in units of zero-point-vibration amplitude . Since
effective energyhv of the phonon modes of about 410 ©m  the relevant phonon energy resulting from our analysis
This value matches well the energy of about 430tafthe  matches the energy of the stretching mode of the Si- Si bond,

stretching mode of the Si-Si borid. we may suppose that the relevant configurational-coordinate
is approximately related to the stretching of the Si-Si bond,
D. Electron-phonon interactions while the vibrational amplitudes, depends on the reduced

The values of phonon energy and activation barrier obMass 4 of the Si-Si group through the expressmqj

-5 o2 .

tained from the kinetic model ofp (T) can furnish an ap- =fi’/hv. Fromx, anda, the excitation-related relaxation of
. . : : NOV site results in an offsefAdg;_g; of about 0.12 nm,

proximate evaluation of the electron-phonon interactions re-

sponsible for the peculiar nonradiative processes at NO\%’hICh s a large distortion compared with the equilibrium

o i-Si bond length of 0.24—0.26 n#A. Our approximate
defects. The lack O.f df?“a on the energy of the radiative de_ca valuation ofAdg;_g; is indeed consistent with theoretical
prevents a quantitative analysis in terms of a detaile

confiaurational-coordinate model. In anv case. Bhealue of alculations: MD calculatio?8 found a relaxation of
the It?altjrrielr for nonraldiative decz;l S mg be ’vieweud as th0.07 nm consequent to excitation to the triplet NOV state,
neray from the minimum of th yX it dyl vel to the cr guggesting even larger relaxation of the excifdstate. In
(e)\,:rggf tr?e potee ntial CLlJJrveg of ?hi t(i/vﬁ stgfée s'l'acl)dnge tclf]:‘c’s'fact, cluster calculatiorts of the excitedS, state found that
phonon energyw in the range 410—430 cihand the exci- Si atoms move 0.36 nm apart after NOV excitation, resulting

tation energyE,,. at 7.1 eV, the energ for the crossover In Ads;_s~0.11 nm, in good agreement with our analysis.
between the levels may be related to an effective Huang-
Rhys factorA? that gives a measure of the relaxation energy V. CONCLUSIONS

of the excited site in phonon energy uriis: The controversial question of the energy structure and in-
Eexc— N2hv + B=22hy[1 + (B/N2hw) Y22, (8)  tracenter transition scheme of NOV in silica, complicated
until now by the proven occurrence of concomitant photoac-
where the left side describes the excited state potential at thﬁ/ated intercenter processes, has been experimenta”y disen-
crossover, while the right side is the crossover energy alongangled by forcing molecular Si—Si precursors in a network,
the ground-state potential curve. Equati@ gives\>~60,  preventing the OD@)—ODC(I) photoconversion. Evi-
reflecting a large electron-phonon interaction. In this casegence for the intracenter energy structure of the NOV con-
broad bands are expected from a large site relaxation upofyuration has been obtained, giving an experimental basis
excitation. The bandwidth(FWHM) is given by AE  for all previous calculations of th&— S, andT; — S NOV
=2.3%wA\(1+p)/(1-p), where=exp(~hv/KT) is the Bolt-  transitions, as well as of the environment sensitivity of the
zmann factor. From the estimated valué€sandhv, we ob-  ODC(1)-to-ODQ(I) interconversion mechanism. A promi-
tain AE~0.9 eV in the low-temperature lim{3=0), with an  nent role of the site relaxation upon excitation to Sestate
expected thermal broadening of about 0.1 eV at 300 K. Thigs strongly supported by the analysis of our data. The huge
is close to the experimental bandwidth of 0.8 eV and theexcitation-induced relaxation represents the main peculiarity
small thermal broadening of 0.07 eV barely observed jusbf NOV sites, probably the crucial feature for several aspects
above the experimental uncertair(yig. 4). The agreement, involving defect photoactivated processes in silicon dioxide.
even though within the crude approximation of the model,
suggests a relevant relaxation of the excited configuration. If ACKNOWLEDGMENTS
the nonradiative decay were not so efficient as the sBall
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