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Radiation-sensitivity enhancement and annealing variation in densified, amorphous Si02
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The influence of Co y radiation on densified samples of wet and dry amorphous silica has been

studied through the creation and annealing of three intrinsic defects. Radiation sensitivity for
oxygen-vacancy creation is enhanced by nearly 2 orders of magnitude in samples densified by only
3%. In general, defect creation efficiency is three to four times larger in wet silica than in dry both
in the densified and undensified forms. Diffusion or thermal detrapping models for oxygen-vacancy
annealing both suggest the activation energy for annealing increases by 0.6 to 1.0 eV when samples
are densified by —16%. Creation of the peroxy radical through transformation of oxygen-vacancy
centers is discussed.

INTRODUCTION

In 1953 Primak and co-workers' demonstrated that ex-
posure of vitreous silica (a-SiO2) in a nuclear reactor re-
sulted in a permanent densification of the silica which
they attributed to the fast neutrons. Extensive subsequent
studies indicated that similar densification of silica could
be produced by other energetic species such as ions and
electrons, and these at energies where the primary mecha-
nism of energy loss is through ionization phenomena rath-
er than collisional, atomic displacement. A bond-cleavage
model was proposed to explain the observed densification
in which it was assumed that Si—0 linkages were broken
by the incident radiation, 0 or Si atoms were displaced,
and a thermally stimulated restructuring of the lattice oc-
curred. The final state is clearly denser than the initial.
Further studies using low-energy electrons ( &18 keV)
and charged ions (Ar +, H+, He+) to irradiate thin films
of amorphous SiOz produced by oxidation of Si, indicated
that a maximum, stable densification of —3% could be
obtained for an energy deposition of -2&&10 keV/cm
into ionizing processes or 2&&10 keV/cm into atomic
displacement. The latter result clearly demonstrates the
efficiency of the displacement process as compared to ion-
ization and reinforces the bond cleavage spike hypothesis.
In the absence of detailed structural information on the
densified state, it is interesting to ask whether or not de-
fect creation alone (absence of structural recombination)
might account for the observed densification. Recent
studies may be used to provide an answer. Using ener-
gies similar to those used in the densification studies, it
was found that the most common defect, the oxygen va-
cancy center, observed in a-SiO2 was produced with an
efficiency of 2 && 10' defects/cm Mrad. Assuming a
fractional volume decrease of 0.34% is induced by 10
Mrad, one concludes that each defect would be respon-
sible for the volume collapse of -40 Si02 molecules.
Clearly such a change is unrealistic and restructuring ar-
guments are indeed more plausible.

Stress measurements on thin films subjected to irradia-
tion where collisional processes are the primary source of

energy loss suggest that after irradiation there is a max-
imum stress in the films of —10 kbar. Neutron irradia-
tion results on vitreous silica indicate a maximum densi-
fication in collisional processes of -2.8%, so that com-
bining these two figures one deduces (b, V/V)/bp
= —0.28%/kbar on the assumption that the residual stress
has produced the densification It tu.rns out that this re-
sult is close to that obtained from pressure-volume mea-
surements on vitreous silica performed in the reversible
range. The densification produced by irradiation is, how-
ever, metastable and can only be removed by annealing at
temperatures ~ 800 'C. Furthermore, from pressure-
volume studies ' it is well known that metastable densifi-
cation of amorphous SiOz occurs only for pressures in ex-
cess of —80 kbar at room temperature. Consequently, the
densification of amorphous SiO2 due to particle irradia-
tion cannot be attributed to the residual stress left in the
film but in fact appears due to some structural effect dur-
ing the irradiation. This conclusion fully supports the
bond-cleavage spike model.

As a result of such considerations as those enumerated
above the physical nature of amorphous Si02 in the elastic
and plastic (metastable) states has been the subject of
growing interest. On a microscopic scale it is extremely
difficult to imagine an experiment which will provide in-
formation on an atomic dimension. Currently, the most
exploited technique appears to be Raman scattering where
the various peaks observed in the Raman spectrum are
identified with the different modes of vibration of the
SiOz network. It has been clearly demonstrated that if
pressures & 80 kbar are applied at room temperature, a
remnant densification remains when the pressure is re-
laxed. ' Pressures less than 80 kbar at elevated tem-
peratures ( & 300'C) result in a remnant densification
when the pressure and temperature are relaxed. " Detailed
analysis' of the Raman spectra both in the reversible
phase of densification and in the irreversible or metastable
phase suggests that, under pressure, the mean Si—0—Si
bond angle 9 decreases, while the dihedral angle (relative
rotation of adjoining Si04 tetrahedral) 5 and the mean
Si—O bond length r both increase. These results are con-
sistent with the conclusions of x-ray diffraction studies on

35 9783 1987 The American Physical Society



9784 R. A. B. DEVINE 35

single-crystal quartz under hydrostatic pressure', and the
reduction in 0 is also consistent with x-ray scattering'
and nuclear-magnetic-resonance results' on metastable,
densified amorphous Si02. Differences observed in the
Raman spectra in the elastic and plastic deformation re-
gimes ' appear to indicate an increase in intensity of cer-
tain peaks associated with the presence of low-member
rings (three and four) of SiO4 tetrahedra, suggesting that a
change in the distribution of ring statistics may have oc-
curred in the metastable phase. ' Similar conclusions may
be drawn from the Raman spectra obtained on densified
a-Si02 produced by neutron bombardment. '

The physical difference between a-Si02 densified in the
reversible regime and that densified in the irreversible re-
gime and by neutron bombardment would appear to be re-
lated to an internal structure modification of the ring
statistics. The nature of the network modifications can be
hypothesised if we recall that Si02 is composed of a wide
distribution of ring statistics and that the Si—0—Si bond
angle is a rather insensitive function' of energy per mole-
cule, i.e., for 120'& 0& 180' the binding energy per mole-
cule of Si02 varies by only 0.2 eV. Low-energy "elastic"
variations can then be thought of as brought about by
puckering of large-membered rings, leading to a reduced
mean Si—0—Si bond angle. A "metastable" reduction in
bond angle may be brought about by subdivision of large-
member rings into numerous small-member rings. ' Such
a process would appear to be intuitively metastable.

The foregoing discussion emphasizes the fact that at
present very little is known about the nature of densified
forms of a-Si02 apart from some information on a rather
macroscopic scale. In a recent preliminary study' we en-
deavored to gain some insight into the structural modifi-
cations and variations in physical properties of densified
silica by studying the creation and annihilation dynamics
of defects produced in Suprasil Wl by y irradiation before
and after densification. In particular, the annealing

dynamics of oxygen-vacancy centers5 (EI ) and peroxy
radicals were studied in a sample densified by —13%%uo,

and it was found that the oxygen vacancies anneal out at
temperatures significantly higher than in undensified sili-
ca. Coincidently, the peroxy radicals formed at higher
temperatures, emphasizing the 1:1 correspondence be-
tween these two intrinsic defects. The following work
reports the results of much more detailed studies on de-
fects in undensified and densified silica. We have studied
defect creation efficiency as a function of densification
and of silica type (wet or dry) and have studied isochronal
and isothermal annealing curves.

EXPERIMENT AND RESULTS

Samples used in these experiments were cut from com-
mercially available wet (Suprasil I) and dry (Suprasil Wl)
silica rods obtained from Heraeus Schott Quartz-
schmeltze. Densification was carried out using a belt ap-
paratus" with silver chloride as the pressure-transmitting
medium. In Table I we list the samples studied, the densi-
fication conditions, the resultant density, and the densifi-
cation percentage. Densities were measured using the
floatation technique. '' Irradiation of samples was carried
out at room temperature using a Co source of y rays at
a rate of 0.8 Mrad/h. Accumulated doses of 76 Mrad
were used. Following irradiation, both before and after
annealing, samples were stored under liquid nitrogen to
avoid any possible room-temperature annealing.
Electron-spin-resonance measurements were carried out
using a Bruker ER 200 D X band spectrometer with vari-
able temperature facility. A small Cr +-in-MgO sample
was left permanently in the microwave cavity both to
serve as a g marker (g =1.9799) and as a control of the
spectrometer against fluctuation such as loaded Q varia-
tion, power fluctuation, etc. The density of defects was
estimated by recording the spectra at low magnetic field

TABLE I. Conditions of pressure, temperature and time used to obtain the samples studied in this
work. Also quoted are the measured densities (by floatation methods), and the densification percen-
tages.

Pressure
(kbar)

Densification condition
Time
(min)

Temperature
(' C)

Density
(g/cm )

Densification
(%%uo)

50
50
50
85

120

Suprasil I
3
5

8
15
30

600
500
575
710
900

2.202
2.316
2.424
2.535
2.567
2.731

0
5.2
9.2

15.1

16.5
24.0

50
50
50
50
50

Suprasil W1
0a

0a

12
7
7

500
500
450
600
600

2.267
2.366
2.422
2.492
2.544

3.0
7.5
9.9

13.1
16.0

'These samples were simply heated to the densification temperature then cooled immediately, leaving no
dwell time at high temperature.
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modulation levels (100 kHz, 0.2 G peak to peak) and com-
paring the intensity of the absorption curve obtained by
double integration with that from a standard sample con-
taining a predetermined number of spins (strong pitch)
run under identical experimental conditions. Automatic
baseline adjustment was performed to minimize integra-
tion errors. The spectra of the oxygen-vacancy (E', )

centers were recorded at room temperature using incident
microwave power levels of the order of 2 pW. Peroxy-
radical and nonbridging oxygen hole (NBOH) centers
were studied at 120 K using incident microwave power
levels of 2 mW and a magnetic field modulation ampli-
tude of 2.0 G peak to peak. Under these power conditions
the resonance spectra measured did not show saturation
effects.

We have examined the creation and annealing behavior
of the three intrinsic structural defects, the E'] center
(Si 'Si), the peroxy radical (Si—0—O'), and the NBOH
center (Si—0 ). We will deal with the results obtained in
turn.

E& center

In Fig. 1 we show the E'& resonance spectra obtained in
undensified Suprasil I [Fig. 1(a)], 15% densified Suprasil I
[Fig. 1(b)], and 24% densified Suprasil I [Fig. 1(c)]. The
line-shape variations observed in Suprasil W1 for the
same densifications were identical within experimental er-
ror. By double-integration methods and by comparison
with the strong pitch reference, we acertain that under the
same irradiation conditions (76 Mrad, Co y rays) a de-
fect density N of 3.3&(10' defects/cm is created in a
Suprasil W1 sample densified by 10%, and 4.4X10'
defects/cm in an undensified sample. In Suprasil I den-
sified by 10% the defect density was 1.1 & 10'
defects/cm and 1.6 & 10' defects/cm in the undensified
case. The absolute accuracy of these values is of the order
of 50% but the relative values are accurate to better than
10%. If we compare the relative defect creation efficien-
cies ( C) between Suprasil I and W 1, the ratio
[C(I)/C( W 1)] is 3.6 for the undensified case and 3.2 for

FIG. l. Experimental absorption derivative electron-spin-
resonance line shapes observed for the E'I defect in samples of
Suprasil I after irradiation with 76 Mrad of Co y rays. The
three curves correspond to different densifications of the
Suprasil I. The filled circles show the fits to the curves obtained
as explained in the text using parameter values quoted in Table
II.

the 10% densified case. The spin density found in unden-
sified Suprasil I was in excellent agreement with that
found by other workers ' who used approximately 4 times
the accumulated dose we used (after scaling down their
density to allow for this).

The experimental line shapes shown in Fig. 1 were
analyzed using a computer-fitting procedure in which the
absorption line shapes I(H), as a function of magnetic
field H, are given by

gp g3

&&+(H g(gl g2 g3 0 0))

with

g =(g3 sin 8 sin P+g2 sin Ocos P+g, cos 8)'~

9 and P are the angles between the applied field and the
principal axes of the SiO4 tetrahedron. Angular summa-
tion allows for the random distribution of angles antici-
pated in the amorphous solid. The shape function F at
each g value was assumed to be Lorentzian, while the
probability amplitudes for the three principal g factors,
p(g;), were taken as Gaussian. Fits to the experimental
line shapes for undensified and 24% densified Suprasil I
are shown by the filled circles in Fig. 1. The relevant fit
parameters are given in Table II. The fit is found to be
very satisfactory in the undensified case but it becomes
progressively difficult to obtain a satisfactory fit as the
sample density is increased. Note that both the g factor
spread bg; and the intrinsic absorption linewidths AHL
increase as the sample is densified. In the fit procedure
for the undensified case, contrary to common practice, '

we assumed an intrinsic linewidth equal to that of single-
crystalline quartz and then adjusted the g-factor spread
values to obtain the best fit. We note, as one would ex-
pect, that the spread of g factors is much larger in g2 and

g3 than in g &.

From the spin-density measurements cited above we
can estimate the influence of dipolar (spin-spin) broaden-
ing on the measured linewidths. Assuming the dipolar ab-
sorption linewidth broadening is given by

b HDo 2.3gPN[S (S +——1)]'~

and taking g =2.0, S = —,', we estimate that a defect den-

sity of 10' defects/cm would result in a THDD of 50
mG. From Table II we see that the increase in absorption
linewidth required to fit the data on samples densified by
15% is 160 mG, so that simple dipolar broadening argu-
ments cannot account for the total increase in linewidth.

In Fig. 2 we present the results of defect-creation effi-
ciency measurements in densified Suprasil I and Suprasil
W1 as a function of densification. We compare the effi-
ciencies of creation by 76 Mrad of Co y rays with
respect to the undensified case and consequently show the
ratio. We observe that even for a sample densified by
only 3%, the E~ defect creation efficiency is 60 times that
found in undensified silica of the same type.

Isochronal and isothermal anneals were carried out on
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TABLE II. Summary of the parameters required to give a best fit of the derivative of the line-shape equation (1) to the data shown
in Fig. 1. A Gaussian distribution of g factors about the principal values (gl, g2, g3) was assumed together with a Lorentzian line-
shape function F(H, g).

Densification
of sample

(%)

0
15
24

g&

2.001 53
2.001 53
2.001 53

g2

2.000 22
2.000 16
2.000 12

g3

2.000 07
2.000 03
2.000 00

Ag)

0.00008
0.000 08
0.000 11

Ag2

0.000 25
0.000 39
0.00047

hg3

0.000 25
0.000 29
0.000 32

AHL (G)

0. 1

0.26
0.32

various samples of densified Suprasil I and Suprasil W1.
In Fig. 3 we show the results of 10-min isochronal anneals
on Suprasil I densified by 16.5% (filled circles), Suprasil
Wl densified by 16% (filled triangles), and Suprasil Wl
densified by 9.9% (filled squares). For comparison we in-
clude the anneal curves obtained ' for Suprasil W1
(solid line) and Suprasil I (dashed line) in the undensified
states. Isothermal anneal results of measurements carried
out on the 16.5% densified Suprasil I sample are shown in
Fig. 4. We note that the anneal curves have the usual
form of a rapid initial descent followed by a long tail
which characterizes annealing processes where a range of
activation energies is involved.

NBOH and peroxy-radical centers

Measurements were carried out at 120 K to study the
NBOH and peroxy-radical centers. Figure 5 shows a
series of typical spectra obtained in undensified and densi-
fied forms of Suprasil I and Suprasil Wl. The very in-
tense central resonance shown off scale in Figs. 5(a), 5(b),
5(d), and 5(e) is the E'~ signal; its overmodulated form can
still be seen in the 16.5% densified Suprasil I sample after
annealing at 625'C for 10 min [Fig. 5(f)]. The resonance
is totally absent in densified Suprasil W1 subjected to a

10-min anneal at 600C [Fig. 5(f)]. The high-field reso-
nance shown in Fig. 5(a) is the Cr +-in-MgO marker reso-
nance. We underline the fact that undensified Suprasil I
[Fig. 5(a)], densified Suprasil I [Fig. 5(b)], and densified
Suprasil Wl [Fig. 5(e)] all show the positive-going low-
field peak attributed to the NBOH center (NBOHC).
The high-field negative-going peak is masked by the in-
tense E'& signal. In undensified Suprasil Wl [Fig. 5(d)],
densified, annealed Suprasil I [Fig. 5(c)], and densified,
annealed Suprasil Wl [Fig. 5(f)) we observe peaks associ-
ated with the peroxy radical. Whereas both positive-
going, low-field peaks of the NBOH center and the peroxy
radical are observed in undensified Suprasil W1, only the
peroxy peak remains in the densified, annealed samples of
Suprasil W1 and Suprasil I.

We have followed the isochronal annealing of the
NBOH center in the 16.5% densified Suprasil I sample by
measuring the peak-to-peak amplitude of the low-field
peak [A in Fig. 5(a)]. The results as a function of anneal
temperature are shown in Fig. 6 together with results
available for undensified Suprasil I ~ Care must be taken
in comparing these curves since we were unable to mea-
sure the complete shape of the NBOHC resonance due to
the presence of the F'] signal. Therefore we did not per-
form double integration of the line shape as is required if
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FIG. 2. Measured enhancement of the defect creation effi-
ciency in densified samples as a function of densification prior
to irradiation with 76 Mrad of Co y rays. Filled circles, E&
defects in Suprasil I; open circles, E~ defects in Suprasil Wl;
and filled triangles, NBOH centers in Suprasil I. The enhance-
ment quoted is relative to the defect density in the undensified
silica after the same irradiation.

FIG. 3. Ten-minute isochronal annealing results for the F.
&

defect density in different samples of densified silica: filled cir-
cles, Suprasil I densified by 16.5%%uo, filled triangles, Suprasil W1
densified by 16%; filled squares, Suprasil W1 densified by
9.9%. The solid line is the annealing curve found in undensified
Suprasil W1 while the dashed curve is that found in undensified
Suprasil I.
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ence of the NBOH-center resonance signal renders it im-
possible to get accurate estimates of the annealing curve.
We show in the inset of Fig. 7 the isothermal annealing
data on the peroxy signal in the 9.9% densified sample at
one temperature, 650'C. The decrease in signal amplitude
is not exponential but tends towards the long-tailed curve
as encountered for the E'& resonance in Fig. 4 and the
curve for peroxy annealing in undensified Suprasil Wl.
Straightforward comparison is not possible because
peroxy radicals clearly result from a thermally activated
conversion process, and to perform proper annealing stud-
ies it would have been necessary to begin after assuring to-
tal conversion of all the peroxy precursors.

DISCUSSION

We will consider first the results of annealing studies on
E', centers in undensified and densified Suprasil. It has
been predicted that in dry silica (Suprasil Wl) oxygen-
vacancy centers anneal via the trapping of diffusing,
molecular oxygen to form peroxy radicals. As demon-
strated by the correlation in the two annealing curves in
Figs. 3 and 7, the peroxy-radical density indeed grows as
the E] density decreases both in the densified and unden-
sified forms. If we compare the shift in temperature of
the annealing curves resulting from densification we note
that the temperature at which the E'~ density falls to half
its initial value rises from 160 C in undensified silica to
420'C in the densified case, i.e., a rise of 260 C. At the
same time, the temperature at which the peroxy-radical
signal growth is maximized rises from 300' to 530 C, i.e.,
an increase of 230 C. The similarity of these two figures
quantitatively supports the idea of correlated peroxy-
radical growth and E] annealing. Absolute defect density
determinations performed on one sample' also demon-
strated that the peroxy-radical density after annealing was
equal within experimental error to the E'~ density prior to
annealing. In dry silica, it would appear then that E& an-
nealing takes place via trapping of Oz..:—Si +Oz~=Si—O—O (2)

On this basis, the temperature and density dependence of
the E] annealing can be expected to reflect the variation
of Oz diffusion in the network and consequently yield in-
formation on the behavior of the diffusion coefficient.
Qualitatively one can say that the shift of the annealing
curves to higher temperatures as a result of densification
(Figs. 3 and 7) indicates a reduction in the diffusion coef-
ficient.

A model specifically applicable to the annealing of de-
fects in a-SiOz does not exist at the present time. Various
authorszo, z7, z9'st have used different models based upon
the Waite approach in which randomly distributed inter-
stitial species diffuse to defect sites and anneal them.
More sophisticated models using spatially correlated
interstitial-defect distributions have also been demon-
strated to be applicable. ' ' To gain some insight into the
problem without entering into great depths we use an ap-
proximate approach with the Waite model and assume
equal densities of defects and interstitial, diffusing species.
The diffusion coefficient D can be ascertained from the

temperature at which the defect density drops to half its
initial value, Cz,

2roVD
1=4~rpCg t D+ &~E

where r p is a capture radius within which distance
vacancy-interstital annihilation automatically occurs, t is
the anneal time. From the results shown in Fig. 3 for 10-
min anneals, and assuming CE has the value —10 /cm
in undensified silica and —10' defects/cm in the densi-
fied sample, we deduce the activation energy Ez varia-
tion:

E~ (densified) —1.6E& (undensified) =0.28 eV,

assuming pre-exponential factors in the diffusion coeffi-
cient have not changed. If E„(undensified) is 1.17 eV,
then E„(densified) is 2.15 eV. Very approximately then, a
diffusion-model approach suggests that the activation en-

ergy for diffusion of molecular oxygen in the densified
samples studied has increased by the order of 1 eV. Note
that the possibility of a range of activation energies result-
ing from the amorphous structure has been neglected
and must be included in a proper treatment.

It has been suggested ' that one precursor of the
oxygen-vacancy center is the diamagnetic, Bz, center=Si =Si= transforms to the E

&
center by hole trap-

ping:

=Si=Si:—+e+~=—Si+ S =—.

To maintain chemical balance, in dry silica, peroxy
bridges are proposed to be the partner defects:

2( =Si—0—Si—:)~—=Si =Si =—+—:Si—0—0—Si —=.

Under irradiation the Bz defects can transform to E
&

de-
fects; however, the present results on unannealed, undensi-
fied, and densified dry silica [Figs. 5(d), 5(e), and 5(f)]
clearly show that peroxy bridges transforming to peroxy
radicals under irradiation do not account for the observed
peroxy signals. This may be deduced from comparison of
Figs. 5(d) and 5(e), which show that in densified dry silica,
irradiation does not produce peroxy signals; annealing
after irradiation is necessary [Fig. 5(f)].

The significant increase in E
~

defect creation efficiency
in undensified and densified wet silica as compared to dry
silica suggests that precursors other than Bz centers are
present. Since it is known that E] annealing in wet sili-
ca is primarily via diffusion and trapping of HzO mole-
cules,

=Si +HzO~~ ——Si—OH+ H

we suggest that the Si—OH bonds formed as growth de-
fects in wet silica act as E& precursors. Reduction of
Si—OH bonds via the trapping of radiolytic hydrogen and
release of Hz0 (the reverse of the annealing stage) may be
the process of radiation-induced transformation. Further-
more, the apparent absence of peroxy radicals in wet silica
(or at least, a very reduced level) may be due to the limited
density of Oz diffusing in wet silica or to the tendency for
peroxy linkages to be immediately hydrolized to form OH
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bonds to the Si. It remains at first surprising that E'& de-
fects in both Suprasil I and W1 have essentially the same
isochronal anneal curve for the same degree of densifica-
tion (Fig. 3). We note, however, that in the temperature
range 400—500'C, the diffusion coefficients of 02 and
HzO in undensified silica are rather similar ', so that al-
though the annealing species are different, the annealing
curves may be not too dissimilar. More-detailed investi-
gation of these points is necessary.

The primary objective of the study undertaken was to
try to understand something of the nature of densified sil-
ica. It is now clear that a study of the character of the de-
fects reveals little structural information because the spins
are highly localized spatially around the defects and con-
sequently insensitive to variations in the environment to
first order. Through annealing considerations one can ap-
parently gain some insight into modifications in the net-
work produced by densification. Surprisingly, the ease of
creation of both E

&
and NBOH centers in densified silica

is dramatically enhanced with respect to the undensified
case, even for such densification as small as 3%. We

underline the fact that for the y doses we have used it is
unlikely that any degree of defect saturation was at-
tained. The line shapes shown in Fig. 1 and related fit
parameters shown in Table II suggest that densification
may be accompanied by a degree of local strain. The
enhanced radiation sensitivity could then be due to rem-
nant local strain after densification rather than a physical
property of the densified state. A picture of densification
involving modification of the internal ring structure of
the amorphous Si02 network and inclusion of local strain
then emerges.
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