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The emission bandsg (4.2 eV) and3 (3.1 eV) have been investigated in a variety of as-grown natural silica
types. We report experimental results on the stationary photoluminescence spectra and their relationship with
the absorption ban®,, (5.15 eV}, on the temperature dependence of their competition, on their excitation
pathway and their kinetic decay ensuing a pulse excitation. We use our results to characterize the electronic
transitions involved and the intersystem crossing process linking the two excited states. Our results evidence
the role played by the conformational disorder. In particular, we make use of a model in which the intercon-
version processes between conformational substates are effective at high temp&rat208 K) and become
frozen at low temperatureT 120 K). Finally we discuss our results on the basis of a structural model
ascribing these optical activiies to an oxygen deficient center related to a Ge impurity.
[S0163-182609)03540-1

[. INTRODUCTION is usually associated to an ODC involving a Ge impurity,
either substitutional or localized in its proximify? On the
The spectral properties of natural silica-6i0O,), as op-  other hand, some peculiarities of the PL emissiapsand 8
tical absorption(OA) bands and photoluminescen¢BL)  make them particularly suitable for studying the effects of
emissions, are affected by several kinds of point defectsghe matrix disorder on the electronic properties of the active
Even if these defects have been the subject of widespreagenter. In fact, the two PL bands are assigned to the singlet-
investigation for more than three decades, many aspects sfnglet §,—S,) and to the triplet-singletT; —Sy) emis-
their structure are not thoroughly understood and the relasion of the same center and the two excited states are linked
tions between optical bands and specific defects are still maby an intersystem crossin¢SC) process, which is expected
ter of controversy(see Ref. 1 for a recent revigwin par-  to depend strongly on the temperature. In this scenario, the
ticular, the interplay between the electronic properties of theexperimental investigation of this temperature dependence
point defect and the structural and dynamical properties of itsan yield information on the dynamical properties and the
surrounding appears to be of relevant interest. In this respeatonformational disorder of the environment of the active
the analysis of the spectral features in different silica typesenter.
can yield insight on the nature of the chromophores respon- In the present paper, we study firstly the correlation be-
sible for the observed optical activity. Moreover, the thermaltween the two PL bands and tfg; OA band in various
behavior, in a wide temperature range, of the overall spectrdypes of natural silica, commercially available, with a nomi-
features can be studied for evidencing the role played by theal Ge content of the order of 1 ppm, to definitively verify
vitreous matrix. that a single-point defect is responsible for the whdlg/pe
In previous paper$,® we studied the optical activity of activity. Secondly, we analyze in detail the dependence of
two types of oxygen-deficient centef®DC’s) of the SiQ ~ the PL emissions on the temperature and on the fine tuning
network, the former present in the pristine material and thef the excitation energy within thB,; OA band. This in-
latter induced byy irradiation. The intrinsic point defects vestigation aims to put in evidence how the structural and
have an OA band at 5.02 e\B§,) and an emission band, dynamical properties of the matrix and the conformational
labeled asy,, at about 4.4 e\(type-A activity). On the other heterogeneity of the environment affect the spectral features
hand, they rays induced centers present a PL band, labele@f the optical active centers.
asapg, slightly but significantly different from the, for the
line shape and for the shorter decay time. These data, to- Il. METHODS AND MATERIALS
gether with a detailed analysis of the thermal behavior of the
spectral moment$ suggest that the two chromophores are
structurally similar but for a different environment, probably  To outline our experiments and to make clear their dis-
due to the different conditions in which they are generated.cussion, we consider a simplified picture of the interaction of
In this paper, we extend our previous study to the sothe exciting light with an ensemble of noninteracting centers
called typeB activity, present in several types of natural having the following energy level diagram: the fundamental
silica and consisting in an OA band centered at 5.15B);(  stateS, and two excited states, a singtgt and a tripletT,,
band and two PL emissions centered at 4.2 ev:(emis-  with energyEg and E+, respectively. The monochromatic
sion and at 3.1 eV(B emission.”** The interest in this light (with energyEg,J) is turned to excite th&,—S; tran-
activity is twofold. On the one hand, the structure of thesition and we assume that the absorption is low enough to
active center is not yet established unambiguously, even if ijuarantee the uniform intensity within the sampglew-

A. Outline of the experiments
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extinction limit). Moreover, we disregard all the nonradiative

LEONE, AGNELLO, BOSCAINO, CANNAS, AND GELARDI

PRB 60

T(t)=T(0)exd —kt]. (5)

relaxation from the excited states except the ISC process

linking the statess; andT.
Within these approximations, the populatioms and ny

In the following sections, Eqg3)—(5) will be used as a
framework for discussing the experimental results. Several

of the statess, andT, respectively, obey the rate equations: discrepancies will be found and will be ascribed to those

d
aths™ I (Egxd) — (KstKkisc)Ns

oY)

Pkl Kischs—Kkrht,
wherel (Eg,o) is the rate of light absorption andc is the
rate of the ISC process. The decay constagtandky refer
to the radiative decay froi§; and fromT, to Sy, namely to
the o and to theB emissions, respectively.

Under c.w. excitationng and ny reach their stationary
values

_ | (Egxo)
S kstkisc

I (EexdKisc

= KstKiscKr @

effects that are not taken into account by the simplified

model, which these equations rely on, and in particular to the
dynamics of the environment and to the inhomogeneous dis-
tribution of thek g rate.

B. Experimental methods and samples

PL spectra resulting from excitation in the wavelength
range 220-270 nm (5:64.6eV) were obtained using a
spectrofluorometer Jasco PF-770, mounting a Xenon lamp of
150 W. The samples were mounted in the holder in the so-
called 45° back-scattering geometry. The energy dependence
of the detection system was preliminarily determined by
placing a MgO scatterer in the sample position and perform-
ing a synchronous spectrum of both monochromators. More-
over, the excitation spectra were corrected for the spectral
efficiency of the exciting light by using a Rhodamirge
sample in glycerol as a referente.

For low-temperature measurements, we used an Oxford
Optistat™ continuous-flow helium cryostat, equipped with

In these conditions the intensities of the stationary PL emistoyr optical windows; the temperature was controlled by an

sions fromS; andT, are
Ks
S(Egxc:Eem) =NgKsOs(Eem) = 1(Egx) WQS(EEm)
stKisc

Kisc
T(Egxc: Eem) = N1Krg1(Egm) =1 (Egxo) ks"'—k|sch( Eem),

)

where the normalized distributiongs(Eg,,y) and g+(Egn)
describe the energy spreading of the levElg and E+,
peaked aEg=4.2 eV (ag band and atE;=3.1eV(B band,
respectively.

We note that, in this oversimplified picture, the PL- d
emission spectra are expected to depend on the exciting Iigrét.2
energy only for their intensities, neither for their line shapeA
nor for their spectral position. A similar expectation holds as

well for the photoluminescence excitatigfPLE) spectra,

when we consider their variation with the detected light en

ergy Eg,,. Moreover, we note that, according to E@®),

identical excitation spectra are expected for both emissions,
The comparison between the two PL emissions is conve-

niently carried out in terms of the ratig of their integrated
intensities, that is, according to E®), n=ks/k;sc. In par-
ticular we will investigate the temperature dependence,of
which images the temperature dependence of thekigte

Finally, if the exciting light is abruptly turned ofpulsed
excitation), according to Eq(1), the PL emissionug will
decay following the single exponential law:

S(t)=S(0)exd — (kst+kjso)t]. (4)

The decay of the emissig8is, in principle, somewhat more

complicated, due to the time-dependent tdggz. ngin Eq.
(1). However, due to the conditida <kgc,ks (well verified
in our experiments the solution simplifies to

Oxford ITC503 instrument. At the required temperature, af-
ter 10 min for thermal equilibrium, spectra were recorded at
0.5 nm wavelength intervals.

Unless otherwise specified, the PL emissions were excited
by light at Ng =248 nn(5.0eV), very close to the maxi-
mum of B,; OA band, with an excitation bandwidth
ANg=5.0nm and detected with a bandwidth\g,,
=1.5nm. The related PLE spectra were also measured, by
detecting the emission intensity at the wavelength of the
maximum of each PL band, wittAAg,.=1.5nm and
ANgn=3.0nm. For both kinds of spectra the scan rate was
20 nm/min.

The fine tuning of the PL emissions was investigated by
etecting the emission spectra at differ&gi., varied from
0 to 270 nm by steps of 1.5 nm. For these measurements
Nexc Was fixed to 3.0 nm. The corresponding PLE spectra
were measured at differeni,, within the oz and 8 bands,
scanning from 270 to 330 nm and from 360 to 435 nm,

respectively, by steps of 1.5 nm.

Absorption spectra in the UV region were obtained on a
spectrophotometer Cary Mod.2300, using a bandwidth of 0.5
nm, a scan speed 0.5 nm/s and a time constant of 1 s. For
low-temperature absorption spectra, a homemade optical
Dewar was used, in which the temperature can be lowered by
flushing with liquid nitrogen or helium.

The time decay of the transient Rz was measured us-
ing the synchrotron radiatio(SR) at the superlumi experi-
mental station on the I-beamline of HASYLAB at DESY
(Hamburg, Germarny under single-bunch operation, by
scanning 192 ns between adjacent SR pulses, 0.5 ns wide,
under excitation at 5.0 eV. Measurements were carried out at
300 and 10 K, using a helium-flow cryostat.

The measurements reported here were carried out in sev-
eral types of natural silica, all of commercial origin. The list
includes: PuropsilQPA), EQ 906, EQ 913% Infrasil 301
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of both PL emissions are centered a6.1 eV and their
shapes are quite similar to each other and reproducBthe
absorption profile.

The strict relationship between the- and 8 PL emis-
sions and the OA banB,z is evident in Fig. 2a), where the
sum of the two integrated PL intensities is plotted against the
area of the OA band for the whole set of samples,Tat
w8 50 52 54 se _=300 K. Moreover, the_raFio be_tween the i_ntegrated i_ntensi-

" Energy V) ties of the two PL emissions is sample independéfig.

2(b)]. The linear correlation between the intensities of the
three bands, experimentally found in so large a variety of
wal @ agband | 45k materials, confirms the hypothesis that the overall -
tivity originates from the same point defect. In this scheme
the ag emission is interpreted as caused by the inverse tran-
sition S;— Sy, with a Stoke shift of about 0.9 eV, whereas
the B emission is ascribed to the;— S, transition, excited
through the ISC mechanism that populates the triplet state
T,. These band assignments are confirmed as well by the
values of the decay constants, namely few ns dgr(see
below) and about 10Qus for 8 band®

FIG. 1. (a) The isolatedB, contribution to the optical absorp- Finally, we report that we did not find any correlation
tion spectra of our sample 1301 at 300 and 20(K; PL spectra of  between the intensity of the overall tyBeactivity and other
the same sample in the energy range=55 eV with excitation known properties of the silica types investigated, such as
energy of 5.0 eV at various temperatures, from 4.5 to 300 K. [OH] content, bubble class, homogeneity, etc.

@
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1
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(1301), Herasil 1(H1), Herasil 3(H3), Homosil (HM),*’ Vit- B. Temperature dependence
reosil (VTS).*® Puropsil, EQ silica, and Infrasil are dry or
type-I silica([OH] content less than 15 ppmall other ma-
terials are wet or type-l{[OH] content of nearly 200 ppm The experimental data reported in FigblLshow that, on
All the samples are sized at<&bx 1 mnt with the major lowering T from T=300K to T=4.5K, the intensity of the
surfaces optically polished and were used for our measurexg emission increases whereas that of fheand decreases.
ments as supplied. This thermal behavior can be related to the temperature-
dependent effectiveness of the ISC process f@nto T;.
As a first approximation, we assume tlkgic varies withT
Ill. RESULTS AND DISCUSSION following the Arrhenius law: k;so(T)=koexd —H/KgT],
whereKg is the Boltzmann constant] is the activation en-
ergy of the ISC process ang is the pre-exponential factor.
All the investigated samples present the OA band cenSo, the ratioz of the integrated intensities of the two bands
tered at 5.15 eV B,z band. A typical OA spectrum is re- s expected to depend dhas
ported in Fig. 1a), as detected in our sample 1301 at high
and low temperature. The band profile remains essentially S
the same on lowering the temperature down to 20 K, apart n= k—oeXIiH/KBT)- (6)
from a narrowing and a slight blueshift.
Two well-resolved PL bands, centered at 3.1 and 4.2 e\Our experimental results are compared to &).in Fig. 3,
and both featuring temperature-dependent intensities, are ewhere we report experimental values of the paramsgtas a
cited within theB,;. Typical PL spectra, under c.w. excita- function of 17T, as obtained in four different samples. We
tion at 5.0 eV, are reported in Fig(H), at various tempera- note that the simple Arrhenius laia straight line in the used
tures ranging fronT=300K to T=4.5K. The PLE spectra scale$accounts for the experimental results only in the high-

The stationary PL emission

A. Characterization of spectral properties

E ® _
—g 0.15 + 1301 *E 0.06
= EQ906 6411 z FIG. 2. (a) Correlation between the total PL
+ 010 s li/ 0.04 - emission bands at 3.1 and 4.2 eV and the inte-
< HM 5 grated intensity of the OA banB,; at 5.15 eV;
g QPA & (b) Relationship between the two PL bands, at
2 "% (o2 o VIS 2 0021 300 K (open symbolsand at 220 K(full sym-
g bols).
[_' T T T

0.1 02 03 004 008 012

BZB Area (eV cm'l) PL B Arca (arb. units)



11478 LEONE, AGNELLO, BOSCAINO, CANNAS, AND GELARDI PRB 60

TABLE I. Values of the parameters obtained by fitting E8).
to the thermal evolution of the ratio between the emission integrated
2 ° intensity of ag and 8 PL bands(7 in the tex}.

1301 Ln (ks/Ko) T (K) AT (K) H (eV)

In (m)

5134906 1301 -45+03 1265 103+9 0.07£0.02

H1 -4.4+03 13815 115-8 0.07+0.02
35 40 45 30 HM —4.7-0.1 1385 10030  0.07£0.02
EQ906 —4.6-0.5  133-10 12320 0.070.02

o 0O > e
=

50 100 150 200
1000/T (K ™)

FIG. 3. Thermal behavior of the ratio between the integrated This mterpr.etat_lon scheme acc;ou_nts for the. expgrlmental
intensity of theag and 8 bands. Symbols refer (@, 1301; A, H1: data reported in Fig. 3 also qugnutatlvely. FuII.I|nes in Fig. 3
[0, EQ906 andD, HM samples. The solid lines result from a fit of F_"Ot the Eqs'(_7)_(8) that best fit the data and in Table | we
Eq. (7) to the experimental data in the whole temperature rangdiSt the best fit values of ¢, AT, andH. As shown we get
4.5-350 K. Broken line results from a fit of E¢f) (pure Arrhenius ~ the same value oH=0.07+0.02eV for all the samples,
law with H=0.08 eV) to the experimental data, in the temperatureWhich nearly equals the value obtained by considering only
range 200 to 320 Kinsed; in this case only the fit relative to the the Arrhenius-like region. We obtain also similar values of
EQ906 sample data is reported, for the sake of clarity. T¢(~130K) andAT(~110K) in all the samples.

As a conclusive comment, we remark that departures
temperature range. This behavior is better evidenced in thsom the simple Arrhenius law could be alternatively ex-

inset reporting data for the sample EQ906 in a magnified)|ained in terms of a static distribution of the activation en-
scale. A best-fit procedure, in the range 268 K<320K, ergies. However, in the case considered here, if one limits to

yieldsH=0.08+0.01 eV andks/k,=0.01+0.005 for all the ~ consider bell-shaped distributions centered at the mean value
samples. At variance, the Arrhenius law does not fit the datél meanthis model fails to account for both the leveling pht
for T<200K and 7 tends to a constant value foF low T and the fair Arrhenius behavior in the wide high-
<120K, so indicating that the ISC process becomes temtemperature rangeshown in the inset of Fig.)3
perature independent.
For the quantitative analysis of the temperature depen- Transient PL
dence of thek;sc, we follow the procedure described in Ref.  a¢cording to the model in Sec. II, when the exciting light
19, based on the modified Arrhenius law is turned off, the PL emissionsg and 8 decay to zero fol-
lowing the single exponential laws, given by Ed@$)—(5).
= k—sexp(H/KBT ) (77 According to literature dathky is of the order of 1s™?,
Ko e nearly independent of. The decay of thexg emission is
reported in Fig. 4, as measured in our sample 1301, at room

where the effective temperatuligy is defined as and at low temperatures, under excitation at 5.0 eV.
At T=10K, a single exponential law with characteristic
To— Ty + T ) time 7g=7.3=0.1 ns fits well the experimental data. At this
eff T—Ts T—T temperature, the ratiks/k sc is nearly 50(from data in Fig.
1+exp 7 1+exp—7 3 and in Table). So, the decay of the populatior from S;

is essentially radiative and we can estimakg=1.4
andT; andAT are phenomenological parameters. X 10°s™1. On the other hand, the faster decay of cufise

We recall that the above definition is heuristic and impliesevidences the substantial contribution of the ISC process at
the presence of the so-called conformational substates, whighom temperature. It is worth noting that at this temperature
have been successfully used in connection with other frus-
trated systems, e.qg., proteif?’s2! In this picture, the active
centers experience slightly different environments and each
environment can rearrange in a variety of configurations,
yielding different local energy miniméconformational sub-
state$. Transitions from a substate to anoth@arterconver-
sion) can occur via temperature-dependent processes. At
high temperatures, interconversion is so frequent that the
overall system is adequately described by a mean vdlue
T equalsT andk;sc obeys the conventional Arrhenius law.
On the other limit, at low-temperatur@d €T;) interconver-
sion processes are frozen and each substate recovers its own
specificity, namely its valuél; of H, T, tends to level tal¢ FIG. 4. Decay measurements of transient PL emisaignwith
and 7 levels to a constant value. S&; and AT have the excitation at 5.0 eV, as detected in our sample 1301 at 18)and
physical meaning of freezing point and of transition width, at 300 K (b). For viewing purposes, the initial values of the decay
respectively. curves are scaled by decades.

—_
=
=

— —
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o T
T T

ag PL intensity (arb. units)
=

Time (ns)
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Excitation energy (V) FIG. 6. The PLE spectra of theg (a) andB (b) bands measured

at three different emission energies around the maximum of each
FIG. 5. Energy peak values of the PL spectra for éeand 8 PL band:(a) Dotted line, 4.51 eV; continuous line, 4.26 eV; broken
bands(a) and efficiency of the ISC mechanism, as measured by théine, 4.07 eV.(b) Dotted line, 3.07 eV; continuous line, 3.16 eV;
7 ratio values(b), as a function of the excitation energy, &t  broken line, 3.32 eV.
=300K.

least by a factor of Pon increasind=g,, indicating that the

the decay is not a single exponential, which indicates a wid¢sc efficiency is strongly dependent on the excitation en-
distribution ofk,sc rates. More quantitatively, the initial de- ¢, y.
cay time of theag emission ,=0.9=0.1ns) allows to Finally, a complementary effect is observed in the PLE
estimate the upper limit of the distribution d&fsc, ~1.1  gpectra of the two bands, when they are revealed at different
X 10°s™, higher tharks by a factor 8. Moreover, from the emission energie&,,. Typical results are reported in Figs.
slope of the final part of curvéb) we can derive that the g(4) and Gb) where the PLE spectra, measured at three dif-
lower limit for kisc is less than X10°s . Therefore, at  ferent values oEg,,, are reported for therz and 8 band,
room temperature, the decay frdB) appears to be strongly respectively. As shown, on increasifig,,, the PLE band-
affected by ISC processes. _ ~ widths increase and the peak positions shift, but, once again,

We note that the stationary and transient PL data giveg, opposite directions for the two bands.
complementary information on the ISC process. In fact, the A gualitative interpretation of the dependence of the PL
stationary PL data in the low-temperature range show th@nectra on the excitation energy and of the PLE spectra on
presence of conformational substates of each defect. At higjhe emission one, can be put forward by hypothesizing a
temperature(from 300 to 200 K, as evidenced by the gistribution of the centers, differing from each other not only
Arrhenius behavior, a rapid interconversion among differenty, the energy distance from the ground and the excited
substates occurs and, consequently, a single rieaalue  siates, but also for the ISC ratge. In considering the origin
can be associated to the overall system. On the other hangs opserved bandwidths, we note that the values of the ki-
the PL transient measurementsTat 300 K evidences a dis- petic decay constants, which are of orderaf0* s~ for ky
tribution of kisc's, that atT=10K cannot be observed be- ang=1085? for kg, allow us to exclude that the radiative
cause of the poor efficiency of the ISC processes. On thgecay contributes in a significant way to the observed broad-
basis of the previous point, this distribution is essentially theening of about 0.25 eV#£6x 1013s1). Therefore, so large
one related to the preexponential factigs. bandwidths are to be related to the coupling with vibrational
modes and to the conformational heterogeneity of the PL
centers.

The coupling of the electronic transitions with the local

The PL emission spectra reported in the previous sectiomodes of the matrix is relevant in determining the band
refer to the excitation conditioBg,.=5.0€V. Here, we ex- shape and the energy peak positiéfigs The large energy
amine the effect of varyingg,. within the OA bandB,z, difference AE~0.9eV) between the absorption band, at
namely in the range 4:65.6 eV. In Fig. %a), we report the =5.15 eV, and the inverse transitiong band, at=4.2 eV,
energy valueE 5 Of the maxima of the two PL emissions reveals a large rearrangement of the surrounding nuclei after
as a function ofg,. at T=300 K. As shown, both bands are the point defect has undergone the transition from the excited
shifted on varyingeg,.. However, the effect is opposite for to the ground state. Moreover, the temperature dependence
the two bands, as a blueshift of tifieband and a redshift of of the spectral moments of the PL bands in different silica
the g occur on increasingg,.. sample$ suggests that the vibrational coupling is a relevant

In Fig. 5(b) we report the ratiop as a function of excita- effect in this type of materials. However, these coupling
tion energy, aff=300K. As can be seeny decreasesat = mechanisms do not explain the observed dependence of the

C. Landscape of the excitation pathway
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spectral properties oBg,., reported in Figs. 56, since their silica, both as grown and induced by irradiation, contributing
effect on the intrinsic fine structure of emission bands shouldo understand the wide spread of experimental results in
be essentially independent of the excitation energy. samples of different origin and ascribed to structurally simi-
The above reported results can be accounted only by &r centers.
conformational heterogeneity in the surroundings of the Based on the above reported data, we can speculate on the
point defects, that maps into the spectral broadening of thattribution of the observed spectral features to the presence
PL bands. In particular, the experimental data reported in pure as grown natural silica samples of oxygen deficient
Figs. 5—6 suggest the following remarks. defects localized on a Ge impurity. This last consideration, in
(i) The shift of the PL spectra in Fig(# indicates that, on fact, appears suitable by considering that the network of
increasingEg,., we explore active centers having lower and silica atoms can be largely distorted in the surrounding of the
lower energy difference between ti$g and S, states E) Ge atom, giving rise to conformational disorder.
and higher and higher energy difference betweenShand Accordingly, data not reported here on silica samples con-
T, states E;). Moreover, according to the experimental datataining centers responsible for tifetype activity, that are
in Fig. 5(b), a significant increase of the efficiency of the ISC thought as oxygen point defects on a Si atom, show dhat
process occurs on increasimxc indicating that the inho- band prOf”e is essentia”y independent upon the excitation
mogeneous distribution of the active centers involves nognergy. Moreover, the thermal behavior of the spectral mo-
only the distance between the energy levels but also the vaments of the PL emission bands of typesenters, both as
ues ofkisc. Since the ISC mechanism is expected to depen@rown and induced by irradiation, in comparison with the
on the local vibrational modes, these results indicate that thenes of centers responsible Bitype activity, speaks for a
spectral distribution of the active centers is determined notarger interaction of the latter with vibrational modes of the
only by the electronic properties of the chromophores butitreous matrix. Both considerations suggest that the point
also by their interaction with the dynamics of the embeddingdefects localized on a Ge atom experience a more distorted
matrix. local environment with respect to the defect localized on Si
(i) According to the PLE spectra reported in Fig. 6, at eacttom. In our opinion, if this hypothesis will be confirmed
emission energy we collect contributions coming from spec2lso by further results, the spectral features related tathe
trally distinguishable centers, whose distribution is narrowei@nd 8 PL bands, together with those relative to the B4y
and narrower and shifts in peak position on increaging. ~ Pand, can be thought as a marker for the presence of Ge
We note that in principle the reported data could be alsdmpurity of the order of 1:10 parts in as grown silica
interpreted in terms of a finite number of overlappingSsamples and can contribute to clarify the structural properties
emission/excitation band$:?*~?°However, in view of the Of defects induced, for example, byirradiation.
fact that all the dependencies upon excitation energy are
monotone, we consider more reliable that the excitation light ACKNOWLEDGMENTS
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