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Abstract. Photoluminescence activity in high-purity synthetic silica samples, both as grown and
γ -irradiated, was investigated by exciting in the vacuum–ultraviolet region. An emission band
centred at 4.4 eV, excited within the absorption band at 7.6 eV and exhibiting a strong temperature
dependence, was unequivocally evident. All of these features, together with its very fast decay
time (2.3 ns atT = 10 K) make this emission distinguishable from the well known isoenergetic
bands detected in oxygen-deficient or inγ -irradiated silica. Our results are discussed in the light
of structural models reported in the literature and seem to be consistent with the occurrence of
a change in the structure of a point defect, from the single oxygen vacancy, responsible for the
absorption at 7.6 eV, to the twofold-coordinated silicon, giving rise to the photoluminescence at
4.4 eV.

1. Introduction

Silica (a-SiO2) is a prototype glass of substantial interest as regards the physics of amorphous
materials. In this realm, much attention is currently paid to its point defects, both intrinsic and
impurity related. For most of them, the structure, the generation mechanism and the stability
within the glass network are still matters of controversy. The interest in point defects is also
sustained by the widespread use of silica in the technology of optical and electronic devices. In
fact, a concentration of defects as low as a few ppm may compromise the exceptional electric
and optical performances of the pure material.

Point defects are responsible for the optical activity of silica in the visible (vis), ultraviolet
(uv) and vacuum–uv (vuv) ranges. So, from an experimental point of view, optical absorption
(OA) and photoluminescence (PL) spectroscopies are the techniques most commonly used
to characterize them. For instance, several optical bands, namely the OA band at 5.06 eV
(B2α), the PL band at 4.4 eV and the PL band at 2.7 eV, are generally ascribed to an oxygen-
deficient centre (ODC) [1, 2]. The exact structure of this centre and its arrangement in the
silica network have not been clearly established, but recent ‘ab initio’ calculations [3] strongly
support the hypothesis, already proposed in the literature [4], of a twofold-coordinated silicon

defect (O–
..

Si–O).
As regards the PL emission centred at 4.4 eV, it is now recognized that it results from at

least two distinguishable contributions. Non-stoichiometric oxygen-deficient as-grown silica
[2, 4–11] exhibits the so-calledαI -band (where the label stands for intrinsic). Due to its very
short lifetime (τ ≈ 4.1 ns at room temperature), theαI -emission has to be related to a singlet–
singlet transition and, on the basis of its excitation spectrum, is usually associated with the
inverse transition of the one giving rise to the OA band B2α [5, 9].
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Recently, we reported experimental evidence [9, 11, 12] thatγ -exposure induces in every
type of silica a PL band at∼4.4 eV, the so-calledαR-band (where the subscript R stands for
radiation induced), having spectral and time features very similar to those ofαI ; therefore, we
argued that the bandαR originated from essentially the same ODC as is responsible forαI , but
for a slightly different structural environment which seems to be peculiar to defects generated
by γ -radiation [9, 12].

Both PL bands,αI andαR, can also be excited in the vuv region [4, 5, 9–15]. Their
excitation spectrum is rather broad, extending from 6.0 eV to 8.4 eV, with a pronounced
maximum at∼6.9 eV. Several authors [2, 5, 13–15] have also hypothesized a correlation
between the 4.4 eV PL activity and the OA band centred at 7.6 eV (the E band). However, the
structural origin of the E band and its eventual correlation with the OA band B2α and with the
PL bandsαI andαR are far from being unambiguously confirmed.

In this paper we report experimental results that isolate a further contribution to the PL
activity at 4.4 eV in silica samples. The contribution considered below has spectral and kinetic
characteristics which distinguish it both fromαI - and fromαR-emissions. Furthermore, it
features a rapid decrease of intensity on increasing the temperatureT , so it could only be
observed at low temperatures. Hereafter, this contribution will be referred to asαT, where the
subscript T indicates its strong dependence on the temperature. Finally, we show that it is just
this contribution that is correlated with the OA band E.

The peculiarities of this PL band suggest to us that we ascribe it either to an alternative
excitation channel or to a different emission centre with respect to theαI - andαR-bands.
Moreover, we show that some aspects of the PL at 4.4 eV, not yet completely understood, can
be explained by taking into account the different origins and roles of the isoenergetic emissions
αT, αI andαR.

2. Samples and methods

We report below the measurements performed on two representative samples of synthetic dry
silica Suprasil 300 [16]. We denote by S300/0 a sample(5× 5× 1 mm3) obtained from the
‘as-delivered’ slab and by S300/100 a sample of the same size and obtained from the same
slab as the first one, but exposed toγ -irradiation with an integral dose of 100 Mrad (Si). The
two samples can be considered as representative of two optical frames, well characterized by
their PL activity in the vis–uv range (2.5–6.0 eV). In fact, at room temperature no PL emission
could be detected from the unirradiated sample S300/0, whereas the sample S300/100 exhibits
the bandαR of the γ -generated ODC defects [9]. In the following we will use the former
sample as evidence for the existence of theαT-band at low temperature in the absence of any
other optical activity and the latter to investigate the effects of the its superposition with the
αR-band.

Theγ -irradiation was performed with a60Co source at room temperature at a dose rate
of 0.75 Mrad (Si) h−1. The OA and the PL emission and excitation (PLE) spectra of our
samples in the uv and vuv energy ranges were investigated using synchrotron radiation (SR)
at the Superlumi experimental station on the I-beamline of HASYLAB at DESY (Hamburg,
Germany), under multi-bunch operation. The intensities of the OA spectra were determined
by normalizing them to a reference OA spectrum obtained with an empty sample holder. The
PL decay times were measured under single-bunch operation, by scanning for 192 ns between
adjacent SR pulses, 0.5 ns wide. Measurements were carried out both at 300 and at 10 K, by
using a sample chamber with a helium-flow cryostat [17]. In addition, OA measurements at
room temperature and in the range 4.5–5.5 eV were repeated using a JASCO V-570 double-
beam spectrometer, to verify more accurately the presence of a B2α band.
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Figure 1. OA spectra of sample S300/0 atT = 300 K (a) andT = 10 K (b): in each spectrum, an
OA band centred at 7.6 eV is present, whereas no OA band is observed near 5 eV. The lack of the
B2α band is evident in the inset of (a), where an OA spectrum for the region 4.5–5.5 eV is reported.

3. Results

The OA spectrum of the unirradiated sample S300/0 over the range 4.6–8.4 eV is reported
in figure 1, as measured atT = 300 K (a) and atT = 10 K (b). The E band is clearly
evident in spite of its proximity to the edge at about 8.0 eV. By a best-fit procedure we found
that this band shows a Gaussian profile; in particular, at room temperature it is peaked at
7.54±0.02 eV, where its absorption coefficient isα = 15.5±0.4 cm−1, and has a full width at
half-maximum (FWHM) of 0.53±0.02 eV. AtT = 10 K, we note that the E band appears more
pronounced because of the edge shift toward higher energies, but its shape and its intensity do
not change very much, having a maximum at 7.63± 0.02 eV withα = 19.5± 0.4 cm−1 and
FWHM = 0.53± 0.02 eV. No other band was found in the OA spectrum, not even near 5 eV
where the B2α band, often found as a companion to the E band, is centred. On the basis of the
spectra shown in figure 1, as the E band is expected to be more intense than the band B2α by
at least three orders of magnitude [2, 5], one might suspect that the absence of the B2α band
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is due to the limited sensitivity of the detection apparatus. Actually, we cannot rule out this
possibility, even when a more accurate OA spectrum of the same sample was obtained using
the double-beam JASCO spectrometer (see the inset of figure 1) and no experimental evidence
of the B2α band was found, within the limit of∼10−3 of the E-band intensity. Also the PLE
spectrum at 4.4 eV, where no structure at∼5 eV is present, confirm that in sample S300/0 the
optical activity related to the OA band B2α and the PL bandαI is below the detection limit
of our experimental set-up. Anyway, regardless of whether the B2α band is present or not, its
very small intensity means that in sample S300/0 conditions are favourable for isolating the PL
emission excited at∼7.6 eV, owing to the absence of significant maxima at∼5.0 and∼6.9 eV
in the PLE profile.
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Figure 2. The PL activity of sample S300/0 atT = 10 K. The PL emission spectrum excited at
7.4 eV is reported on the left; the corresponding PLE profile, monitored at 4.4 eV, is shown on
the right-hand side. The dashed curve represents the Gaussian curve that best fits the experimental
data in the range 7–7.6 eV.

On exciting within the E band, no PL activity could be detected in the sample S300/0
at T = 300 K, whereas, at a temperature ofT = 10 K, an emission band (αT), centred at
4.40±0.03 eV and having a FWHM= 0.48±0.04 eV, appeared in the PL spectrum as shown
in figure 2.

We note that the emission spectrum of theαT-band has essentially the same properties as
theαI - andαR-bands, peaked at 4.42± 0.1 and 4.37± 0.1 eV respectively and each having a
FWHM = 0.45±0.02 [9]. However, in spite of the similarity of the emission spectra, the three
isoenergetic bands can be distinguished by their PLE spectral features. In particular, the PLE
profile of αT, reported in the same figure, figure 2, is characterized by a composite structure
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extending over the range 6.2–8.4 eV. In this PLE spectrum, a band centred at 7.40± 0.02 eV
with FWHM = 0.42± 0.02 eV dominates over all of the other structures, as indicated by the
dashed curve representing the Gaussian best-fit curve of the experimental points in the range
7.0–7.6 eV. The fit procedure is not reliable for the remaining part of the spectrum, since the
signal-to-noise ratio is too low for excitation energyEexc 6 7.0 eV and the PLE profile is
distorted by the large absorption in the spectral regionEexc> 7.6 eV [5]. However, we point
out the unambiguous result that the PLE profile shown in figure 2 is quite different from the
ones exhibited by theαI - andαR-emissions, both characterized by two bands centred at 5.0
and 6.9 eV [5, 9].

In order to stress this difference, we consider now the properties of the PLE spectra as
detected for the irradiated sample S300/100, where both the nativeαT- and theγ -induced
αR-emission bands are simultaneously present. In figure 3 we report the PLE profiles of the
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Figure 3. PLE spectra detected for theγ -irradiated sample S300/100 monitored at the emission
energy of 4.4 eV, atT = 300 K (a) andT = 10 K (b). In the spectrum (a), the points in the range
6.2–7 eV are best fitted by a Gaussian centred at 6.86 eV (dashed curve); in the spectrum (b), the
best fit curve (solid curve) over the range 6.2–7.5 eV is the sum of two Gaussians (dashed curves)
centred at 6.86 and 7.40 eV, respectively.
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emission at 4.4 eV, as detected for sample S300/100 atT = 300 K (a) and atT = 10 K (b).
The room temperature spectrum (a), extending from 6.3 up to 8.2 eV, is peaked at∼6.9 eV,
which is a peculiarity of theαR-emission [9]. As shown in figure, this PLE profile can be
separated into a Gaussian band centred at 6.86± 0.02 eV with FWHM = 0.55± 0.02 eV
(dashed curve) and an asymmetric structure at higher energies that, as noted above, is strongly
distorted by the large absorption activity characterizing this upper spectral region. The PLE
spectral profile of the same PL emission atT = 10 K (b) appears quite different. The difference
between the two spectra can be explained in terms of a superposition of two contributions.
In fact, the low-temperature spectrum (b) consists of a broad spectrum very similar to the
spectrum (a), to be related to theαR-emission, and an additional structure, peaked at 7.4 eV,
quite similar to the spectrum of figure 2, to be ascribed to the emissionαT. More quantitatively,
the data in figure 3(b), in the range 6.2–7.5 eV, are well fitted (solid curve) by two Gaussian
profiles (dashed curves) having the same peak energies and FWHMs as the curves fitted to the
PLE spectra in figure 3(a) and figure 2, where the bands peaked at 6.86 eV and 7.40 eV are
separately present.

Table 1. Gaussian parameters (intensityI0, peak energyE0 and FWHM) obtained by a best-fit
procedure for the two PLE bands at 6.8 and 7.4 eV shown in figures 2 and 3; ‘n.d.’ stands for not
detectable.

PLE bands

6.8 eV 7.4 eV

Samples I0 (arbitrary units) E0 (eV) FWHM (eV) I0 (arbitrary units) E0 (eV) FWHM (eV)

S300/0 (10 K) n.d. n.d. n.d. 1.23± 0.04 7.40± 0.02 0.42± 0.02
(αT)

S300/100 (300 K) 0.43± 0.02 6.86± 0.02 0.55± 0.02 n.d. n.d. n.d.
(αR)

S300/100 (10 K) 0.81± 0.03 6.86± 0.02 0.55± 0.02 1.21± 0.04 7.40± 0.02 0.42± 0.02
(bothαT andαR)

The parameters relevant to the Gaussian curves fitting the spectra of figure 2 and figure 3
are summarized in table 1. We note that theαR-contribution increases by nearly a factor of
2 on lowering the temperature fromT = 300 K toT = 10 K, as expected [10], whereas the
dependence of theαT-intensity on temperature is much more pronounced. In fact, asαT is
below the noise level atT = 300 K, we can estimate that its intensity increases by a factor
>30 on cooling toT = 10 K. Finally, on comparing the data reported in table 1 for the
samples S300/0 and S300/100, we note also that theαT-emission is barely affected by the
γ -irradiation. Moreover, as no significant variation in the intensity of the band E was observed
for the irradiated sample, we infer thatγ -rays do not affect the structure or the number of the
defects responsible for theαT-emission.

To further characterize theαT-emission, we investigated its transient behaviour under
pulsed excitation in the S300/0 sample. The typical decay curves of the PL signal, ensuing
from an SR excitation pulse atEexc= 7.4 eV, were best fitted by a single-exponential law with
a decay timeτ = 2.3± 0.1 ns. So, theαT-band has a lifetime considerably shorter than those
of theαI - andαR-bands, which are characterized by a lifetimeτ = 4.6± 0.1 ns atT = 10 K,
when excited at 6.8 eV, near to their PLE maxima [9].

This difference emerges unambiguously when the transient behaviour of the PL emission
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Figure 4. The time decay of the PL emission at 4.4 eV observed for sample S300/100 atT = 10 K,
excited at 6.8 eV (a) and at 7.4 eV (b). Both decay profiles are well fitted by single-exponential
laws (solid curves) with characteristic times ofτ = 4.6±0.1 ns andτ = 2.4±0.1 ns, respectively.
In the interests of clarity, the initial values of the decay curves are arbitrarily scaled by decades.

is detected, as a function of the exciting energy, in sample S300/100, where the two emissions
αT andαR are simultaneously present. Two experimental decay curves of the 4.4 eV PL
emission, detected atT = 10 K for sample S300/100, are reported in figure 4. The excitation
energies for the curves (a) and (b) were 6.8 eV and 7.4 eV respectively. As shown, both
decay curves are well fitted by a single-exponential law, but with different characteristic times:
τ = 4.6± 0.1 ns under excitation at 6.8 eV where the contributionαR prevails (figure 4(a))
andτ = 2.4± 0.1 ns when the PL emission was excited at 7.4 eV where the contributionαT

prevails (figure 4(b)).
Finally, we report that, atT = 300 K, whereαT is not detectable, no difference in the

decay time of the 4.4 eV PL signal was observed on varying the excitation energy from 6.8 to
7.6 eV. In particular, the same lifetime ofτ = 3.6± 0.1 ns, characterizing theαR-emission
[9], was determined from the experimental decay curves.

4. Discussion

Our results provide evidence for a contribution to the PL emission at∼4.4 eV, namedαT, clearly
distinguished from the already knownαI - andαR-bands. We recall that the isoenergetic bands
αI andαR are characterized by a PLE spectrum with two maxima at∼5.0 and∼6.9 eV and a
decay timeτ = 4.6± 0.1 ns atT = 10 K [5, 9]. On the other hand, the features ofαT can be
summarized as follows:

(a) it is present in those types of silica that exhibit the OA band at∼7.6 eV, including high-
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purity synthetic as-grown silica where B2α is absent, or at least below the detectability
threshold;

(b) it shows a strong dependence on the temperature;
(c) its excitation spectrum is peaked at 7.4 eV;
(d) its lifetime isτ = 2.3± 0.1 ns atT = 10 K.

So, whereas theαI - andαR-emissions are ascribed to the direct inverse transition of the OA
band B2α, the same excitation mechanism does not seem to be effective for theαT-band.
Moreover, the short decay time ofαT speaks for a transition from a singlet state and its PLE
profile suggests that we should relate it to the OA band E (∼7.6 eV).

In the light of theαT-contribution evident here, we wish to reconsider the results on the
decay times of the PL activity at 4.4 eV in oxygen-deficient silica reported in reference [10].
In those experiments, the same decay time for the 4.4 eV PL was measured atT = 300 K,
independently of the excitation energy (τ = 4.1± 0.1 ns with excitation at 5.0 eV, 6.8 eV
and 7.6 eV). By contrast, atT = 10 K a shorter lifetime was detected for excitation energy
of 7.6 eV with respect to the excitation at 5.0 eV and 6.8 eV. The new results reported here
suggest that at room temperature only the contributionαI was detected even under excitation
at 7.6 eV, since this energy is within the broad excitation band centred at 6.8 eV. On the other
hand, atT = 10 K, when the PL emission was excited at 7.6 eV, the contribution coming
from αT was superimposed on theαI -emission, and the PL signal was observed to decay with
an intermediate lifetime (τ = 3.1± 0.1 ns) compared with the characteristic lifetimes ofαI

(τ = 4.6± 0.1 ns) andαT (τ = 2.3± 0.1 ns). Moreover, we recall that a strong temperature
dependence of the 4.4 eV PL emission excited at 7.6 eV in an oxygen-deficient silica sample
was reported by Nishikawaet al [5, 15]. These authors measured the decay time of the 4.4 eV
PL atT = 100 K by varying the excitation energy from 5.0 eV to 8 eV, finding nearly the same
value (τ = 4.2± 0.1 ns) over the whole energy range, except for the region near to 7.6 eV
where they measuredτ = 2.1 ns. However, they did not put forward an explanation of their
results in terms of two distinct emissions, while this is clearly supported by our experimental
data.

Now we wish to address the problem of the structure of the centre responsible for the
αT-emission. In this regard, Pacchioni and Ieranò [18] have recently proposed a model, based
on ‘ab initio’ calculations, where the E band is due to a singlet–singlet transition(S0 → S1)

of a neutral oxygen vacancy≡Si–Si≡ and the radiative S1→ S0 decay gives rise to a 4.4 eV
PL emission. In the framework of that model, the peculiar temperature dependence exhibited
by αT could be ascribed to non-radiative relaxation processes from S1 to S0: in fact, theαT-
emission detected atT = 10 K could be quenched at room temperature, as non-radiative
mechanisms are expected to become more and more effective as the temperature is increased.

The attribution of theαT-activity to a neutral oxygen vacancy, on the basis of the above
model, implies that this defect has a structure intrinsically different from the one responsible
for theαI - andαR-emissions that is supposed to be a twofold-coordinated silicon. On the other
hand, the strong similarity of the emission spectrum ofαT with the corresponding spectra of
αI andαR, in spite of the different excitation energies and lifetimes, leads us to consider an
alternative explanation of our results. In fact, the characteristics of the emissionαT and its
connection with the E band can also be accounted for by a two-configuration (TC) model, as
already proposed in the literature [5, 13], representing an ODC undergoing structural changes
under vuv excitation.

The energy levels and transitions of a TC defect are schematically reported in figure 5 for
the sake of clarity. In this scheme, our results could be interpreted as follows: the absorption of
energy at 7.6 eV causes the conversion of theαT-centre from its stable configuration(CS) to an
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Figure 5. Schematic diagrams of the energy levels and transitions of a two-configuration defect
to which the whole observed optical activity could be ascribed. Solid and dashed arrows represent
radiative and non-radiative transitions, respectively.

unstable one(CU), via their excited states, at a rateKC. The relaxation from the excited state of
the CU configuration can take place either by PL emission at 4.4 eV toward the ground state of
CU at a rateKR, or, as also proposed in references [5, 15], by a non-radiative back-conversion
(BC) process to the excited state of CS, at a rateKBC. We note that, in this model, the CU

configuration, from which theαT-emission originates, coincides with the ODC responsible for
the isoenergetic bandsαI andαR, and all of the observed peculiarities ofαT are due to the
different excitation process of this PL band.

The occurrence of the BC process can affect the time decay and the temperature
dependence ofαT. In fact, in the framework of the TC model, the short lifetime ofαT

can be explained by considering that the BC mechanism from CU to CS offers a relaxation
path alternative to the PL emission from the excited state of CU. If one neglects any other
non-radiative process, the decay rate ofαT is τ−1 = KR + KBC and, deriving the value
KR ∼ 2.2×108 s−1 from reference [9], we can estimate a rough value ofKBC ∼ 2.2×108 s−1

at T = 10 K. Moreover, the BC process is expected to be enhanced in effectiveness on
increasing the temperature and this dependence may account for the lack of PL emission at
room temperature. In fact,KBC, of the same order asKR atT = 10 K, is expected to increase
by at least a few orders of magnitude when the temperature is increased toT = 300 K. As
a consequence, at room temperature, the conditionKR � KBC could make the PL emission
undetectable.

As regards the structure of the point defect which a TC model is based on, Nishikawaet al
[5] propose oxygen vacancies in relaxed and unrelaxed configurations; this was also suggested
in reference [19]. In contrast, Trukhinet al [13] present a structural model consisting of
a complex defect containing a twofold-coordinated silicon and a mobile impurity (H or Cl
atoms), whose relative distance increases under vuv excitation and resumes its equilibrium
value after PL emission.

On the basis of the reported results, we are not able to establish unequivocally whether
theαT-emission comes from a distinct point defect or from the same ODC as is responsible
for αI andαR, but in an unstable configuration. This question is crucial and implies, in the
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former case, that theαT-emission and its excitation take place in the same defect, consisting of
a neutral oxygen vacancy, as suggested by Pacchioni and Ieranò [18]. On the other hand, in the
TC model, the twofold-coordinated silicon could be the luminescent defect, but the occurrence
of the OA transition at 7.6 eV in such a defect seems to be not sufficiently well justified. In fact,
a structural process suggested recently by Skuja [20] could remove some of the inconsistencies
between the two models discussed above. In order to explain the connection between the OA
band E and the PL emission at 4.4 eV, Skuja hypothesized an interconversion mechanism from
a neutral oxygen vacancy to a twofold-coordinated silicon defect, under excitation at 7.6 eV,
assisted by structural rearrangements of the surrounding amorphous network. This model
is consistent in particular with the experimental results obtained for the irradiated sample
S300/100. In fact, as shown in figures 2 and 3,γ -rays give rise to the PLE band at 6.9 eV,
whereas they do not affect at all the intensity of the PLE band at 7.4 eV, compared to that of the
‘as-grown’ sample S300/0. This result indicates that the two PLE bands have to be ascribed to
distinct structural defects, and this condition fits the model proposed in [20]. Nevertheless, in
our opinion, Skuja’s hypothesis, which could account for most experimental results as regards
the optical activity of the ODCs, needs further experimental support to be considered not
merely ‘ad hoc’.

5. Conclusions

We have reported experimental evidence of a new contribution to the PL emission at 4.4 eV
in silica. The related PL band, here namedαT, can be easily distinguished from the already
known bandsαI andαR, on the basis of its peculiar temperature dependence, excitation profile
and lifetime. We also detected the simultaneous presence ofαT andαR in a γ -irradiated
silica sample, indicating that the decay time of the 4.4 eV emission strongly depends on the
excitation energy, because of the superposition of the two contributions. This superposition
can also account for previously reported results [9, 10], showing that the decay time of the PL
at 4.4. eV, excited at 7.6 eV, is shorter than that obtained under excitation at lower energies,
i.e. 5.0 eV and 6.8 eV. In fact, the different excitation spectra show that theαT-emission is
mainly excited at 7.6 eV, with a shorter lifetime, whereas at 5.0 and at 6.8 eV onlyαR (or
analogouslyαI for oxygen-deficient samples) is excited and contributes to the PL emission at
4.4 eV.

Our results show that two distinct excitation processes are responsible for the luminescence
at 4.4 eV and probably originate from two distinct defects: the first one occurs via optical
absorption at 5.0 eV (S0→ S1 transitions) and 6.8 eV (S0→ S2 transitions); the second one
involves the absorption transition at 7.6 eV. In the latter case under excitation at∼7.6 eV the
occurrence of a mechanism able to change the absorbing defect to a luminescent one, and vice
versa, could account for our results.
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