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The model for the annealing of a radiation-induced point defect in silica, the E�� center, is identified in the
temperature range �150–550�°C. Thermal treatments in controlled atmospheres of water vapor, oxygen, or
helium of irradiated amorphous silicon dioxide are carried out. Direct experimental evidences that the anneal-
ing of the E�� center is caused by a reaction with diffusing water molecules are found. A rate equation system
describing this annealing process is inferred, and its solutions are compared with experimental data to obtain
quantitative information. In particular, the activation energy, its distribution and the way the latter is modified
by thermal treatments are derived. The process was also established to be reaction limited. The mean activation
energy value for the annealing process of the E�� center due to water is found to be 1.23 eV.

DOI: 10.1103/PhysRevB.79.125205 PACS number�s�: 61.82.Ms, 66.30.jj, 81.05.Kf, 82.20.Pm

I. INTRODUCTION

The interest toward thermal treatments of amorphous sili-
con dioxide and the role played by small molecules as water
can be ascribed to both technological and basic reasons.1–5 In
fact, in the industrial manufacturing procedures of many
a-SiO2 based devices, thermal annealing is often employed
to relax stresses induced during the production. Thermal
treatments can be also used to cancel radiation effects. In
particular, a change in the concentrations of radiation-
induced point defects can be determined by heating an irra-
diated sample above specific threshold temperatures that de-
pend on the defect itself, the material, and the treatment
conditions. This phenomenon is of particular interest because
of the highly detrimental effects due to the presence of point
defects. On the other hand thermal treatments can also be a
useful tool for the study of the properties of point defects.

In this contest many results on the effects of thermal treat-
ments on the E�� center6 ��Si•, where the symbol
� indicates three bonds with oxygen atoms and • an un-
paired electron� were reported1–4,7–9 due to the importance of
this defect and its ubiquitous presence in irradiated silica.
However a complex scenario results from these previous
studies, as described in the following.

Isochronal annealing of E��, peroxy radical ��Si-O-O•,
named as POR hereafter� and nonbridging oxygen hole cen-
ters ��Si-O•, also called NBOHC�6 in irradiated dry silica
were studied by Stapelbroek et al.4 The decay of E�� and
NBOHC was observed, together with the growth of POR, at
temperatures higher than �150 °C. They hypothesized that
the precursor site of POR releases an electron and that the E��
center, which is thought to be a hole trapped in an oxygen
vacancy, is consequently annealed. Alternatively, basing on
the simultaneous one-for-one growth of the peroxy radicals,
the same result was later reinterpreted in terms of the reac-
tion of the E�� center with diffusing molecular oxygen
through the reaction1,10

�Si• + O2 → � Si-O-O•. �1�

The oxygen involved in this reaction can in fact be available
due to radiolytic processes as the energy of � rays allows the

displacement of bounded oxygen atoms that can then dimer-
ize to form O2.10

The annealing of the E�� center observed in high OH silica
at temperatures higher than �300 °C was instead attributed
to its reaction with diffusing water according to the
reaction3,8

�Si• + H2O → � SiOH + H. �2�

Water molecules were hypothesized to have a radiolytic ori-
gin, too, created by the reaction between displaced oxygen
atoms and radiolytic hydrogen.3,8

Finally, the E�� annealing was also observed in oxygen-
deficient low-OH samples at temperatures higher than in
other materials.3 Due to the fact that the concentration of
molecular species that can diffuse was hypothesized to be
very low and that the annealing of the E�� center takes place
at temperatures higher than in other materials in this case, the
authors proposed that the E�� annealing in this sample is due
to thermal excitation of holes to the valence band or elec-
trons to the conduction band.3

In a recent paper, we suggested that a distribution of the
activation energies for the process responsible for the anneal-
ing of this defect exists.11 Similar hypothesis had been put
forward previously,8 but they had not been fully clarified. We
also suggested that thermal treatments could modify this dis-
tribution, affecting the thermal response of a given material
depending on its previous thermal history.11 Notwithstanding
the great interest in this annealing process, a general scheme
has not been established yet. Furthermore, some important
aspects of this process, as being diffusion or reaction limited,
and quantitative information about it need to be clarified.

In this paper we will show the results of an extensive and
articulated set of experiments, aiming to give a general de-
scription of the thermal annealing process of the E�� center.
Evidences are found that the annealing of the E�� center oc-
curs through processes involving H2O and that these pro-
cesses are reaction limited. The activation energy value and
the parameters that characterize the distribution are deter-
mined by comparing the experimental data with the solutions
of the obtained rate equation system describing the process.
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II. EXPERIMENTAL DETAILS: SAMPLES AND
MEASUREMENTS

The E�� center is detected by electron paramagnetic reso-
nance �EPR� measurements. These measurements were car-
ried out at 300 K using a Bruker EMX spectrometer working
at 9.8 GHz �X band�. The E�� center signal was revealed with
a microwave power P=0.8 �W and a modulation field with
peak-to-peak amplitude Bm=0.01 mT and frequency fm
=100 kHz. These EPR measurement conditions do not dis-
tort the EPR line shape and do not induce microwave satu-
ration effects. The concentration of E�� centers was estimated
by comparing the double integral of the EPR signal of the
sample under examination with that of the E�� centers in a
silica sample whose defect concentration was determined by
spin-echo experiments.12 We have estimated an absolute ac-
curacy of 20% in this procedure; the relative concentrations
are affected by a 5% uncertainty. POR and NBOHC are de-
tected by EPR, too, in the same conditions as the E�� centers
but for a microwave power P=126 mW and a modulation
field with peak-to-peak amplitude Bm=0.3 mT.

Infrared �IR� absorption spectra of the samples were mea-
sured using a Bruker Vertex70 Fourier transform infrared
�FTIR� spectrophotometer with a spectral resolution of
1 cm−1. The absorption band at 3670 cm−1 was used to de-
tect the presence of OH groups. The uncertainty in the band
amplitude value is 1%. The concentration of OH groups was
estimated using the Lambert-Beer law A=�Cd, where A is
the absorbance at the band maximum, � is the extinction
coefficient,13 C is the concentration of absorbing species, and
d is the path length of absorption.

Raman spectroscopy has been also used to detect intersti-
tial oxygen molecules. In fact, it was shown that the presence
of interstitial O2 causes an infrared PL band at 1272.2 nm
excited at 1064 nm, associated to the forbidden transition
a1�g→X3�g

− of the oxygen molecule,14 to appear in the
Raman spectrum of silica samples. The intensity of this
PL band is calibrated against the neighboring intrinsic
Raman scattering bands of SiO2 at �1060 cm−1 and
�1200 cm−1 and the oxygen concentration is estimated by
comparison in accordance with literature data.14 Raman
spectra were measured using a Bruker RamII Fourier
transform spectrometer, with Nd-YAG laser excitation
��=1064 nm�. The spectral resolution of these measure-
ments was 5 cm−1. The uncertainty on the estimation of the
concentration of interstitial oxygen molecules was evaluated
to be �20%. All the measurements were carried out at room
temperature.

Two different experiments are presented in the following.
In the former, three samples of the synthetic dry material
Suprasil F300 �supplied by Heraeus� that will be hereafter
called F300/H20, F300/He, and F300/O2 were used. The
samples are disks 2 mm thick, cut from a cylinder of diam-
eter 6.5 mm, and then optically polished. Preliminary to the
experiment, they were � irradiated at room temperature
�60Co source, dose rate of �3 kGy /h�, up to a total dose of
1500 kGy, so that the concentrations of a given defect were
approximately the same in all the samples. In particular, the
E�� center concentration was �6.7�1016 centers /cm3.

In the second experiment a sample of the synthetic dry

material Suprasil 300 �supplied by Heraeus�, referred to as
S300/An in the following, was used. Its size was 5�5
�1 mm3, and its widest surfaces were optically polished.
Preliminary to the annealing experiment, it was � irradiated
�60Co source, dose rate of �3 kGy /h� at room temperature
up to a total dose of 4000 kGy. The E�� center concentration
was estimated to be about 7.5�1016 centers /cm3 after the
irradiation.

The samples have been subjected to isothermal heat treat-
ments at different temperatures, whose details are described
in the following. An isothermal treatment is a series of heat
treatments at a fixed temperature and whose duration pro-
gressively increases.

The thermal treatments on the Suprasil F300 samples
�first experiment� were performed in controlled atmosphere
using a Parr reactor. The temperature is measured through a
thermocouple and is controlled by means of a digital feed-
back system. The target temperature can be set with an ac-
curacy of �1 °C. The pressure is measured by both a digital
and an analogical pressure gauges. High-purity He and O2

were used, the main impurity being water with a concentra-
tion lower than 3 ppm mol. Water vapor was instead gener-
ated during the treatments by putting liquid deionized water
�resistivity �18.2 M	 cm� inside the sample chamber. A
stainless steel sample holder was used to avoid the sample
getting in contact with liquid water. The same sample holder
was used in the other treatments, too, to guarantee compa-
rable experimental conditions in all the experiments. At each
treatment the sample is inserted into the reactor at room tem-
perature, as the insertion procedure cannot be carried out at
higher temperatures. Then, after a heating time of about 2 h
that is comparable for all the treatments, the target tempera-
ture is reached. At the end of the time length that the sample
has to spend at the target temperature, the heater is turned off
and, after cooling down to room temperature, the sample is
extracted from the reactor to carry out the measurements. It
is worth noting that the heating and cooling rates do not play
a relevant role in this experiment. In fact, the conclusions are
drawn by comparing the effects on the three samples that
experienced the same heating and cooling conditions. How-
ever, due to their not negligible duration, these conditions
could influence eventual quantitative estimation of the an-
nealing rates. For this reason these data were not used to
obtain quantitative results. A different experiment that will
be described hereafter was performed to this aim using a
different system.

The Suprasil 300 �second experiment� was thermally
treated in air using an electric furnace whose temperature
control is made by a thermocouple and a digital controller.
The target temperature can be set with an accuracy of
�3 °C. At each treatment the sample is inserted into the
oven that has previously reached the target temperature, and
at the end it is extracted from the oven and brought back to
room temperature in air to carry out the measurements. This
heating and cooling conditions have been chosen to mini-
mize the time that the sample spends at temperatures differ-
ent from the target temperature of the treatment.
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III. RESULTS AND DISCUSSION

A. Identification of the microscopic mechanism of the
annealing of the E�� center

The three samples F300/H20, F300/He, and F300/O2
were subjected to isothermal heat treatments at 250 °C and
�35 bar in water, helium, or oxygen atmospheres, respec-
tively. These treatments were performed in the Parr reactor
described in Sec. II. The only difference between these three
treatments was the treatment atmosphere.

The isothermal annealing curves of E�� at a given tempera-
ture that represent the defect concentration as a function of
the treatment time were obtained. In Fig. 1 a comparison
between these curves for the three samples is shown.

The initial concentrations, indicated by lines, are compa-
rable in the three samples. It can be easily observed that
almost comparable results are obtained by treating the
samples in helium and oxygen atmospheres �circles and tri-
angles in Fig. 1�. The annealing rate of E�� centers is instead
considerably higher in the water vapor treated sample
�squares�.

The IR absorption spectra of the samples were measured
to detect the presence of molecular water and of SiOH
groups that should be generated if reaction �2� were effec-
tive. In Fig. 2 the IR absorption spectra of the three samples
after 22 h treatments are shown, compared to the spectrum of
a sample before the thermal treatments �dash-dotted line�.
The spectra at the other treatment times show the same be-
havior. The initial concentration of OH groups in the
samples, before the thermal treatments, was less than
1017 cm−3. It can be observed that the intensity of the OH
absorption band at 3670 cm−1 in F300/He and F300/O2 is of
the same order of magnitude even if it is slightly lower in the
F300/O2 ��OH�F300/He=2.5�1017 cm−3 and �OH�F300/O2
=1.0�1017 cm−3�. These intensities are much lower than in

the F300/H2O ��OH�F300/H2O=2.6�1018 cm−3�. The F300/
H2O also shows a different spectrum profile. In fact a broad
band around 3400 cm−1 can be observed, demonstrating that
molecular water was absorbed from the atmosphere.15 More-
over a shoulder on the low wave-number side of the OH
absorption band �around 3600 cm−1� is clearly detectable.
This contribution to the absorption band is attributed to hy-
drogen bonded OH groups.16

No differences in the Raman spectra of the three samples
were observed, apart from the growth in the sample F300/O2
of the photoluminescence absorption band at 1272.2 nm
excited at 1064 nm of interstitial molecular oxygen, absent in
all the samples before the treatments. An O2 concentration of
�1017 molecules /cm−3 was estimated in this sample after
the overall treatment.

The initial high and almost comparable decrease in E��
concentration in the three samples, already observed after
�7000 s, could be attributed to fast processes �for example
reactions with residual hydrogen molecules could be
hypothesized7� and does not influence the subsequent behav-
iors.

The experimental evidence of the higher efficiency of the
annealing of the E�� in the sample treated in water vapor
atmosphere leads directly to the conclusion that the micro-
scopic process responsible for this annealing is the diffusion
of water molecules and their reaction with the defect. In fact
the rate of a bimolecular reaction, as the one between a point
defect and a diffusing molecule, increases by increasing the
concentrations of reactants.17 As a consequence, as the initial
E�� concentration is the same in the three samples, a strong
increase in the rate should be observed when increasing the
concentration of the molecule responsible for the E�� anneal-
ing by saturating the treatment atmosphere with it. This ef-
fect is indeed observed by treating the sample in water vapor
atmosphere and allows us to identify water as the reactive
molecule that causes the E�� thermal annealing in this experi-
ment. This experimental evidence could also be expected by

FIG. 1. E�� center concentrations as a function of the treatment
time at 250 °C in the F300 samples treated in H2O �squares�, He
�circles�, and O2 �triangles� atmospheres. Initial concentrations are
represented by continuous line �F300/H2O�, dashed line �F300/He�,
and dash-dotted line �F300/O2�. Error bars are comparable to the
size of points.

FIG. 2. Infrared absorption spectra of the samples F300/H2O
�continuous line�, F300/He �dashed line�, and F300/O2 �short-
dashed line� after 22 h treatments at 250 °C. The dash-dotted line is
the spectrum of one of these samples before the thermal treatment.
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considering that the activation energy for diffusion of water
is lower than the one of oxygen, making the diffusion of the
former and its ability to reach a defect site more efficient.18

Moreover, if the reaction with oxygen �reaction �1�� gave
a strong contribution to the E�� annealing, an increased num-
ber of POR should be observed. In Fig. 3 the EPR spectra of
the three samples after 122 h treatments are compared to that
of an untreated sample �dash-dotted line�. The spectra at dif-
ferent treatment times show the same features. In particular
the peak around 335 mT can be considered a fingerprint of
the presence of POR, basing on their known principal g val-
ues, to computer simulations of their line shapes and to an-
nealing experiments whose effect is to fully anneal the
NBOHC but not the POR.4 No growth of this signal can be
observed in any of the three samples.

This evidence proves that the reaction with oxygen does
not constitute a significant contribution to the E�� annealing.
It can be concluded that the E�� centers efficiently react with
water molecules but not with oxygen. So the main process
responsible for the annealing of the E�� centers at 250 °C is
their reaction with water molecules.

In this framework, the E�� annealing observed in samples
treated in different atmospheres can be attributed to the water
molecules already present in the material due to production
technique, irradiation, or, for thermal treatments performed
in air, also absorbed from the atmosphere.

The slightly higher efficiency of E�� annealing in F300/O2
with respect to F300/He deserves to be commented. A first
reason for this behavior could be the initial slightly lower E��
concentration in the F300/O2 with respect to F300/He that
can be reflected on the following annealing. However an-
other reason can be put forward. The above reported experi-
mental evidence of water being the main responsible for the
E�� annealing does not exclude a small contribution of the
previously suggested reaction of E�� with oxygen.1,10 The lat-

ter could in fact be entirely negligible in normal or water
excess treatment conditions but can give a small detectable
contribution when the treatment atmosphere is saturated by
oxygen. In this latter case, in fact, the rate of annealing by
oxygen could be enhanced due to its greater concentration in
the treatment atmosphere; as a consequence this process
could become detectable. This could be the case for the
sample F300/O2, in which oxygen loading took place during
the thermal treatment. However, the above-mentioned lack of
growth of the EPR signal of POR indicates that reaction �1�
does not give significant contributions to the E�� annealing
even in oxygen excess treatment conditions.

Once proved that the annealing of E�� centers is due to
their reaction with water molecules, the OH concentration
should be expected to feature an increase corresponding to
the decrease in E�� concentration �see reaction �2��. The low-
est induced OH concentrations, those in F300/He and F300/
O2, are 2.5�1017 and 1.0�1017 cm−3, respectively. These
OH concentrations are higher than the E�� concentration de-
crease in these two samples that are �2�1016 cm−3 and
�2.4�1016 cm−3, respectively �see Fig. 1�. The same be-
havior is observed at the other treatment times. These data
are compatible with the proposed reaction �2�, but a direct
correlation between the generated SiOH groups and the an-
nealed E�� centers cannot be found because of the existence
of other, already known, phenomena that generate SiOH,
too.18–21 In particular, the intense OH absorption in the F300/
H2O sample can be explained by a main contribution due to
OH groups generated through reaction of the silica matrix
with the absorbed water molecules.18,20,21 The induced ab-
sorption in the F300/He and F300/O2 can be instead ex-
plained in terms of the processes discussed in a previous
work about the generation of silanol groups in dry silica
upon thermal treatments probably due to reactions with hy-
drogen molecules.19 It can be stated that the observed OH
generation is compatible with reaction �2�, but the possibility
to observe a direct correlation between the annealed E�� and
the induced OH is prevented by other overriding contribu-
tions to the OH generation.

Concluding, we individuated the main microscopic
mechanisms for the annealing of the E�� center at 250 °C
among those proposed in literature. This defect is annealed
by reacting with water molecules according to reaction �2�.

B. Quantitative analysis of the annealing process

In this section a set of experimental data will be presented
to characterize the properties of reaction �2�. In particular,
the treatment temperatures are extended to a wider range,
aiming to verify the reliability of reaction �2� as annealing
mechanism for the E�� centers at temperatures different from
250 °C. Moreover, these treatments are performed in air be-
cause this is a more common and so more interesting condi-
tion and because this choice allows to drastically reduce the
heating and cooling times, making them negligible with re-
spect to the treatment length and allowing a quantitative
analysis on the annealing rates.

The sample S300/An was subjected to a sequence of iso-
thermal heat treatments at 80, 150, 300, and 550 °C in air.

FIG. 3. EPR spectra of NBOHC and POR in the F300/H2O
�continuous line�, F300/He �dashed line�, and F300/O2 �short
dashed line� after 122 h treatments at 250 °C. The dash-dotted line
is the spectrum of one of these samples before the thermal
treatment.
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The overall treatment at 80 °C lasted 12 600 s and induced
no significant changes in the concentrations of defects. The
other annealing curves for the E�� center in the sample
S300/An are shown in Fig. 4. As expected, the annealing
process becomes more efficient on increasing the tempera-
ture.

Reaction 2 was established to be responsible for the an-
nealing of E�� centers at 250 °C in the experiments presented
in Sec. III A. We will assume it valid at the other tempera-
tures, too, and we will a posteriori verify the validity of this
assumption. It is evident that further reactions are required to
account for the fate of the hydrogen atom generated by re-
action �2�. According to literature data, its dimerization
forming H2 and the reactions of both H and H2 with the E��
have to be taken into account.22,23 The system of reactions
hypothesized taking into account all these processes is

E�� + H2O→
k1

� SiOH + H, �3a�

E�� + H→
k2

� SiH, �3b�

H + H→
k3

H2, �3c�

E�� + H2→
k4

� SiH + H. �3d�

From these reactions a rate equations system can be derived

d�E��
dt

= − k1�E���H2O� − k2�E���H� − k4�E���H2� , �4�

d�H2O�
dt

= − k1�E���H2O� , �5�

d�H�
dt

= k1�E���H2O� − k2�E���H� − k3�H�2 + k4�E���H2� ,

�6�

d�H2�
dt

= k3�H�2 − k4�E���H2� , �7�

where k1, k2, k3, and k4 are the rate constants relative to
reactions �3�. The order of magnitude of these rate constants
can be estimated. Reactions �3b� and �3c� are limited by
diffusion of atomic hydrogen, and the values of k2 and k3 can
be calculated, according to the theory for diffusion limited
reactions, as

ki = Ai exp�−
Eai

kBT
� = 4
r0iD0i exp�−

Eai

kBT
� , �8�

where D0i and Eai are the pre-exponential factor and the
activation energy for diffusion, kB is the Boltzmann’s con-
stant, and T is the absolute temperature at which the reac-
tions take place. r0i is the capture radius that represents a
distance under which the reaction is supposed to immedi-
ately take place, and it is usually considered 	5�10−8 cm
for reactions between point defects and small molecules in
silica.10 The value of k2 and k3, calculated at room tempera-
ture taking into account this dependence and the typical val-
ues of pre-exponential factor and activation energy for
atomic hydrogen diffusion,18 is k2	k3	6�10−14 cm3 s−1.
Reaction �3d� is reaction limited, and the values of pre-
exponential factor and activation energy are known by litera-
ture data.22 As a consequence k4 at room temperature can be
calculated and the value obtained is k4	1�10−20 cm3 s−1.
Finally the character of reaction �3a� is not known a priori. It
can be hypothesized to be diffusion limited. In this case the
value of k1 can be calculated using Eq. �8� and literature
values for the pre-exponential factor and activation
energy,8,18 and at room temperature it is k1	2
�10−26 cm3 s−1. As a consequence it can be concluded that
k1�k2, k3, k4, and k4�k2	k3. It is worth noticing that even
if the hypothesis of reaction �3a� being diffusion limited does
not apply, these relations between ki remain valid. In fact, if
reaction �3a� were reaction limited, instead than diffusion
limited, the value of k1 would be even smaller, confirming
the above reported relations.

Let us suppose that at the beginning of the process E�� and
H2O are present in a comparable amount inside the sample.
Then their concentrations start to decrease due to reaction
�3a�. Atomic hydrogen is instead a transient product, as it is

FIG. 4. Concentration of E�� �symbols� as a function of the treatment time at �a� 150, �b� 300, and �c� 550 °C as detected in the sample
S300/An. Lines are solutions of the rate Eq. �11�. See text.
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slowly �rate constant k1� produced by reaction �3a� and rap-
idly �rate constants k2 and k3� consumed by reactions �3b�
and �3c�. Even if it were present in a higher initial concen-
tration, H will be consumed by reactions �3b� and �3c� in a
time depending on k2 and k3 during which the much slower
reaction �3a� is almost frozen. Apart from this possible fast
transient that could influence the process at short times but
not the overall kinetics, H concentration is always much
smaller than those of E�� and H2O ��H�� �E��� , �H2O��.
Moreover, the dependence on time of its concentration fol-
lows the slow changes of �E��� and �H2O� but with the
before-mentioned lower concentration.

These considerations lead to the possibility to apply the
so-called steady-state approximation17,24

d�H�
dt

= k1�E���H2O� − k2�E���H� − k3�H�2 + k4�E���H2� � 0.

�9�

Analogous considerations can be applied to H2, whose diffu-
sion is rather faster than that of H2O, and the steady-state
approximation can be applied to it, too,

d�H2�
dt

= k3�H�2 − k4�E���H2� � 0. �10�

These approximations allow to eliminate H and H2 from the
rate equations, and the rate equations system reduces to

d�E��
dt

= 2
d�H2O�

dt
= − 2k1�E���H2O� . �11�

As the approximations made do not depend on the character
of reaction �3a�, these rate equations are valid in both the
cases of diffusion or reaction limited process. As mentioned
above, k1 can be written according to the Arrhenius depen-
dence usually shown by rate constants, k1=A exp�−

Ea

kBT �,
where the pre-exponential factor assumes the form A
=4
r0D0 in the special case of diffusion limited process �see
Eq. �8��.

According to previously reported results,11 the activation
energy values Ea are distributed due to glassy disorder. A
convolution of the solutions of Eq. �11� with a statistical
distribution was carried out to take into account this phenom-
enon. A first attempt to describe this disorder effect by means
of a Gaussian distribution was made, but the resulting solu-
tions of the rate equations did not satisfactorily describe the
experimental data. As a consequence an asymmetric distribu-
tion was introduced. It was described as the matching of two
half Gaussians having the same mean value Ea and different

widths. A half Gaussian describes the distribution at energies
lower than Ea and the other one at energies higher than Ea.
So two � were introduced. They were called �1 and �2 and
describe the width on the lower and higher sides, respec-
tively, of Ea.

A comparison between the experimental annealing curves
of the E�� center in the S300/An sample and the solutions of
the rate equations is shown in Fig. 4. As anticipated, in this
figure filled symbols represent the observed E�� concentration
as a function of the treatment time at �a� 150, �b� 300, and �c�
550 °C. Lines are the result of a fitting procedure performed
by introducing the asymmetrical statistical distribution for
the activation energy mentioned above. The initial values of
�E��� were the ones measured before each treatment. The wa-
ter concentration at the beginning of the treatment at 150 °C
was set equal to the total amount of water necessary to ac-
count for the overall �from 150 to 550 °C� annealing of E��
centers. At each following temperature step �300 and
550 °C� this initial �H2O� value was decreased of a quantity
equal to the number of water molecules consumed in the
previous ones. The pre-exponential factor for water diffusion
D0 and the capture radius r0 were set equal to literature val-
ues, D0=1�10−6 cm2 s−1 and r0=5�10−8 cm, and were
used to calculate A.8 The activation energy and the widths of
its distribution were determined through the fitting proce-
dure. The uncertainties on the activation energy values and
on the widths are �0.01 and �0.02 eV, respectively.

It can be easily observed that the solutions of the fitting
procedure are in reasonable agreement with the experimental
data. The rate constants calculated substituting in Eq. �8� the
above-mentioned D0 and r0 values and the mean Ea values
obtained through the fitting are reported in Table I, together
with the widths of the distributions of activation energy cor-
responding to the solutions plotted in Fig. 4.

The reason for reporting k instead than Ea is that single
temperature experiments do not allow to obtain the true val-
ues for the activation energy and the pre-exponential factor
as the Ea value at a fixed temperature depends on the specific
values of D0 and r0 used to calculate A. Only the widths and
k have a direct physical meaning. The true values of Ea and
A can only be found by comparing data at different tempera-
tures. Our data allow such analysis. In Fig. 5 the Arrhenius
plot relative to process �3a� is shown. The ln�k�, calculated
using the mean values in Table I, is plotted as a function of
the inverse of the absolute temperature. In the same graph
the values obtained on a different material that was
�-irradiated and subjected to isothermal heat treatments in
normal atmosphere at 300 and 450 °C are also reported for
comparison �Infrasil 301, natural dry and supplied by

TABLE I. Rate constant values for the annealing of E�� and widths of the distributions of activation energy
in the sample S300/An treated at 150, 300, and 550 °C, and in the sample I301 �Ref. 11� treated at 300 and
450 °C.

S300 150 °C S300 300 °C S300 550 °C I301 300 °C I301 450 °C

k 1.0�10−27 cm3 s−1 7.8�10−24 cm3 s−1 1.6�10−20 cm3 s−1 7.8�10−24 cm3 s−1 1.2�10−21 cm3 s−1

�1 0.45 eV 0.28 eV 0.25 eV 0.4 eV 0.25 eV

�2 0.4 eV 0.4 eV 0.25 eV 0.4 eV 0.35 eV
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Heraeus; data presented in Ref. 11 and not shown here�. The
k values and the widths for the activation energy distribu-
tions in this sample are also shown in Table I. Different
symbols correspond to values of k in different samples.

The straight line is a linear fit of the data according to the
Arrhenius law. The true values Ea=1.23 eV and A=6.8
�10−13 cm3 s−1 are found from the linear fit. The same
analysis was performed by using the mean values of the ac-
tivation energies weighted over the statistical distribution,
instead than the peak values, to calculate k, and comparable
results were obtained.

The fact that all the data can be fit by a single Arrhenius
law proves that in all the cases examined the microscopic
process is the same. So reaction �3a� is responsible for the
annealing of the E��, depending neither on the sample nor on
the treatment, in the whole temperature range examined
�from 150 to 550 °C�. The rate constant for process �3a� can
be now calculated using the obtained values for Ea and A.

The value of activation energy obtained is surprisingly
similar to the activation energy for the diffusion of molecular
oxygen. However, if a diffusion limited reaction with O2 is
hypothesized even if in contrast with the experimental results
in Sec. III A, it is worth noticing that the expected rate for
such a process should be of the order of 4�10−30 cm3 s−1.
This value, calculated at room temperature using literature
values of the diffusion activation energy and pre-exponential
factor,25 is higher than the experimental one. The latter, cal-
culated using the obtained values for Ea and A, is in fact of
the order of 1�10−33 cm3 s−1. So the reaction could not be a
diffusion limited reaction with an oxygen molecule. On the
other hand, if a reaction limited reaction with O2 were con-
sidered, there would be no reason why the activation energy
of such a reaction limited process should be the same as the
activation energy for the diffusion of one of the reactants.
This considerations, together with experimental evidence of
water being the main responsible for this annealing process
shown in Sec. III A, let us conclude that the fact that the
obtained value of activation energy for the reaction is com-
parable to the activation energy for oxygen diffusion has to
be considered a coincidence.

The activation energy distributions found deserve atten-
tion. A description of these distributions was obtained. In
Fig. 6, the distributions of Ea in the sample S300/An at the
three different temperatures are shown.

It can be observed that the width of the distribution asym-
metrically decreases by progressively increasing the treat-
ment temperature. This result strongly confirms the idea11

that the sequence of thermal treatments modifies the activa-
tion energy distribution for the annealing of point defects. It
is found in fact that thermal treatments erode those processes
having lower activation energy, evidencing the inhomogene-
ity of the process.

As mentioned above the rate constant for process �3a�,
calculated at 300 K using the obtained values for Ea and A, is
kexp=1�10−33 cm3 s−1. The value expected for diffusion
limited processes involving H2O, calculated considering
the literature data of Ea and D0 for water diffusion
�Ea=0.79 eV and D0=1�10−6 cm2 s−1 �Ref. 8��, is
kdiff=2�10−26 cm3 s−1, much higher than the experimental
value kexp. This comparison between the experimental value
and the value expected for diffusion limited processes makes
immediately evident that the theory of diffusion limited pro-
cesses is not adequate to account for the experimental data.
In fact the observed process is slower than expected for a
diffusion-limited process. This evidence indicates directly
that reaction �3a� is reaction limited.

This fact also means that the distributions of activation
energy found are relative to the activation energy for reac-
tion. This latter fact, already guessed basing on qualitative
considerations,11 can be unambiguously stated thanks to the
quantitative analysis shown in this section.

IV. CONCLUSIONS

A complete characterization of the annealing processes of
the E�� center was given in the temperature range
�150–550�°C.

The microscopic process was unambiguously identified as
a reaction with diffusing water molecules.

FIG. 5. Arrhenius plot relative to the annealing of the E��
centers. FIG. 6. Distributions of Ea, based on the parameters in Table I

for the S300/An sample. Continuous line represents the distribution
at 150 °C, dashed line at 300 °C, and dash-dotted line at 550 °C.
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The solutions of the rate equations describing this process
were compared to the experimental data, and the values of
activation energy and the shape of its distribution were
obtained. A quantitative estimation of the changes induced
in the activation energy distribution by thermal treatments
was obtained too, evidencing that an asymmetric shrinkage
occurs. It was also concluded that this annealing process
is reaction limited, with mean activation energy value
Ea=1.23 eV.
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