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Fundamental Role of Creation and Activation in Radiation-Induced Defect Production
in High-Purity Amorphous SiO 2

V. A. Mashkov, Wm. R. Austin,* Lin Zhang, and R. G. Leisure
Department of Physics, Colorado State University, Fort Collins, Colorado 80523

(Received 17 October 1995)

A model for the radiation-induced production of defects in amorphous insulators is proposed. It
is shown that anirreversible creation of defects from network sites follows power law kinetics, and
a reversibleactivation of precursor sites follows Kohlrausch kinetics. Electron spin resonance was
used to measure the concentration of x-ray inducedE 0 centers in high-purity amorphous SiO2 over an
extremely wide dose range with high precision. The agreement between theoretical and experimenta
defect densities, over more than 4 orders of magnitude in dose, is unprecedented.

PACS numbers: 61.72.Cc, 42.70.Ce, 61.43.Fs, 82.50.Gw
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Paramagnetic point defects are produced in wide-
materials such as ionic crystals, quartz and oxide glas
optical fibers, and dielectric thin films by energetic photo
(x rays,g rays, intense ultraviolet laser light) and particl
(electrons, neutrons, etc.). In high-purity amorpho
silicon dioxide (a-SiO2) the most important radiation
induced defects are theE0 center (an unpaired spin on
three-coordinated silicon atom,———Si?) and oxygen hole
centers (an unpaired spin on a nonbridging oxygen at
———Si—O?, or a peroxy radical,———Si—O—O?) [1–6].
Among the effects studied has been the dependenc
defect concentration on radiation dose [7–15]. Not only
the dose dependence of obvious technological importa
but it is related to the defect formation mechanisms a
the physics of amorphous materials. Defect concentra
generally depends nonlinearly on dose. Galeener
Mikkelsen [7] interpreted the nonlinear dose depende
in terms of two general processes: the creation of n
defects from the network by rupture of bonds, and the s
activation of precursors by charge transfer. The crea
mechanism was assumed to depend linearly on dose
any experimentally achievable dose while the activat
mechanism was assumed to saturate with dose. W
the phenomenological creation and activation model
been very useful in interpreting experimental results, i
not clear that it can explain the power law dependence
dose often observed [12,14]. Also, the model does
account for the interconversion of defects (a specific ty
of activation) which is known to be important in man
cases [15].

The problem of defect production is closely related
the old problem of the origin of fractional exponents
amorphous networks [16–18]. Since Kohlrausch [1
much work has been done to interpret fractional ex
nents in terms of a distribution of relaxation rates [20,2
distribution of waiting times for random walks [22], hie
archically constrained dynamics [23], fractal structure a
anomalous diffusion [24], etc. In addition to Kohlraus
relaxation, studies of defect production in amorphous m
terials have revealed clear experimental evidence for
importance of power law kinetics [12,14,25].
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We propose a general model of radiation-induced de
production in amorphous insulators which enables us to
the Kohlrausch law and the fractional power law simult
neously on an equal footing, and to separate reversible
irreversible contributions to the entire process. We assu
that both laws with a single fractional exponent are a
sult of a unique relaxation process occuring in amorpho
materials during irradiation. We tentatively associate t
relaxation with the radiation-induced compaction which
known to occur in amorphous silica [26,27], and shou
occur in every loosely packed, covalently bonded am
phous network. This relaxation can be interpreted in ter
of the radiation-driven anomalous diffusion of excess fr
volume from the bulk to the surface. Because disor
and excess free volume are intrinsic properties of am
phous materials, they affect all physical properties, inclu
ing defect production probabilities which become slow
decreasing functions of time or dose.

We propose that the radiation creates paramagnetic
fectsd from the networkn with a relative probabilitykc

per unit time or dose. This process is assumed to
irreversible at normal temperatures and for experime
tally achievable dose, i.e., there is no thermal or radiati
induced annealing back to the network configuration d
ing the production process. Defects are also produ
from a set of precursor sites. The interaction with the p
cursor sites is assumed to bereversible,and is described
by relative probabilitieskd andka with the interconversion
of precursors and defects being dominated by radiati
induced processes. To corroborate theoretical express
which may reliably predict the radiation response of am
phous insulators at high doses, it is necessary to have h
quality experimental data over a wide dose range.
describe below such experiments on high-puritya-SiO2

which cover more than 4 decades in dose. Our model g
an excellent description of the experimental results.

The set of defect processes described above is indic
by the following diagram:

n
kc
! d

kd

-
ka

p . (1)
© 1996 The American Physical Society



VOLUME 76, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 15 APRIL 1996

f
r

e
re

an

n
g
-
v
]

x-
e
-

e

ra
c
o

ri-

o

ee

)

r
is

ns

g

l.

own

rms

s

el.
n

nd
bed

s
ad

e
vior
ow
an
ler

ver
ll-
.
nd
as
1]
en-

s

ys

ber

he
d x-

ker
pin
ns
he
If the rate constantsk in Eq. (1) are independent o
time, or dose, the differential equations which gove
populations of paramagnetic defectsN and precursor sites
Np are

dNydt ­ kcqN0 1 kaqNp 2 kdqN (2)

and

dNpydt ­ kdqN 2 kaqNp , (3)

where q is the dose rate. N0 represents an effectiv
concentration of network sites for the irreversible c
ation of defects; we assume that this concentration
sufficiently high so as to remain essentially const
for any experimentally achievable radiation doseD ­
qt. More generally, when the rate constants depe
on time, or dose, we assume the existence of a sin
fractional exponentb to describe the statistical distribu
tions involved in defect production as discussed abo
In analogy with the general theory of relaxation [28
considerf as a relaxation function. Kohlrausch rela
ation can be obtained from simple exponential kin
ics sdfydt ­ 2w0fd by using the change of dimen
sionless variablew0t ! sw0tdb , 0 # b # 1 [28]. The
rate equation isdfydsw0tdb ­ 2f, which has the so-
lution f ­ expf2sw0tdbg. The rate equation can also b
written as dfydt ­ 2sbwb

0 yt12bdf ­ 2wstdf, where
wstd is understood to be a time-dependent relaxation
0 , wstd , `. Acting in the same manner, we constru
a formulation of our model applicable to the description
fractional kinetics by using the following change of va
ables:

kqt ! skqtdb ­ j, 0 # b # 1, k ­ ka 1 kd .

(4)

In this case we start with a new system of rate equati
relative to the new dimensionless variablej to replace
Eqs. (2) and (3):

dNydj ­ cN0 1 aaNp 2 adN (5)

and

dNpydj ­ adN 2 aaNp . (6)

It is necessary to determine the relationship betw
the two sets of parameterssc, ad , aa, kd and skc, kd , kad.
Considering the caseb ­ 1, when Eqs. (5) and (6
must reduce to (2) and (3), givesad ­ kdyk and aa ­
kayk with ad 1 aa ­ 1. A scaling representation fo
the parameterc is dictated by a dimensional analys
of limiting behavior of N vs D at k ! 0 skd , ka !
0, kdyka ­ constd: NsDd ­ N0kcDsb ­ 1d andNsDd ­
cN0skDdbsb fi 1d. Thus, comparing the two expressio
for NsDd we conclude that the productckb is finite as
k ! 0, giving c ­ skcykdb .

The solution of Eqs. (5) and (6) is facilitated by addin
the two equations to obtaindNydj 1 dNpydj ­ cN0

with the solutionN 1 Np ­ cN0j 1 Nps0d. Here we
take Ns0d ­ 0 corresponding to the pristine materia
n
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Using these relations enables us to separate the unkn
functionsN andNp :

dNydj ­ cN0 1 aaNps0d 1 cN0aaj 2 N (7)

and

dNpydj ­ adNps0d 1 cN0adj 2 Np . (8)

The solutions for defect densities are expressed in te
of the total doseD:

NsDd ­ NcskDdb 1 Nah1 2 expf2skDdbgj (9)

and

NpsDd ­ Nps0d expf2skDdbg 1 NpcskDdb

1 Npah1 2 expf2skDdbgj (10)

with creation and activation factors defined a
Nc ­ cN0aa, Na ­ cN0ad 1 aaNps0d . 0, and
Npc ­ cN0ad, Npa ­ adfNps0d 2 cN0g. This is a
generalization of Galeener’s phenomenological mod
We recover the “two-slope” Galeener formula whe
b ­ 1 and ad ­ kdyk ­ 0. Equation (9) predicts a
universal power law dependence in the very low, a
very high, dose ranges where the behavior is descri
by the fractional exponentb. For skDdb ø 1 and ¿ 1
we have, respectively,NsDd ­ sNc 1 NadskDdb and
NsDd ­ Na 1 NcskDdb. In between these two extreme
there is a transition region, which can be rather bro
depending on the magnitude ofNa. Typical radiation ex-
periments at lowq cover only a small fraction of the dos
range needed to observe the fractional two-slope beha
predicted by the theory; thus it is easy to understand h
experiments which cover only the transition region c
be fitted with a power law characterized by a smal
exponent than the true fractional exponentb.

To test the predictions of Eq. (9), measurements o
a very wide dose range were performed on a we
known, high-purity silica material—Suprasil W1 [29]
The radiation response of silicas is known to depe
on OH content and oxygen content. Suprasil W1 h
less than 3 ppm of OH [30]. It has been shown [5,3
that as-manufactured Suprasil W1 behaves like “oxyg
stuffed” material with excessfO2g in the range of 1017

to 1018 cm23. Silica samples of approximate dimension
8.5 mm 3 3.4 mm 3 0.9 mm were cut from the bulk
material. x irradiations employed either a Mo or W
target tube operated at 50 kV peak voltage. The x ra
impinged normally on the8.5 mm 3 3.4 mm face. Dose
measurements were performed with an ionization cham
calibrated to yield dose in SiO2 with a precision of 20%.
All irradiations were performed at room temperature. T
E0 center concentration was measured vs accumulate
ray dose using electron spin resonance (ESR). TheX
band ESR measurements were performed on a Bru
spectrometer at a temperature of 77 K. Absolute s
counts were calibrated under nonsaturating conditio
against the concentration of a known standard. T
2927
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FIG. 1. E 0 concentration vs dose. The filled squares and op
triangles represent data on Suprasil W1 taken at dose rate
1.25 and 10 Mradyh, respectively. The solid line represents
fit of Eq. (9) to the data.

samples were stored in liquid nitrogen at all tim
following the x irradiation.

The E0 concentration vs x-ray dose for Suprasil W1
shown in Fig. 1. For the dose range of 0.1 to 200 Mra
twelve different samples were used. Each sample w
irradiated continuously to the indicated dose at a volu
average dose rate of 1.25 Mradyh using the Mo target
tube. Following the irradiation, the ESR measureme
were made. These data are presented as filled squ
For the dose range of 1 to 2000 Mrad, a single sam
was used. This sample was irradiated at a volume-ave
dose rate of 10 Mradyh using the W target tube. Afte
irradiation to a particular dose, the ESR measureme
were performed and then the irradiation continued.
can be seen from Fig. 1, there is no measurable differe
between the two sets of data. In separate experiments
have shown that, for Suprasil W1, there is no effect
dose rate on the final defect concentration, only the to
accumulated dose matters. The solid line of Fig. 1 is
fit of Eq. (9) to the data. The fitting parameters are giv
in Table I. Figure 1 shows that, for more than 4 orde
of magnitude in dose, the agreement between theory
experiment is excellent for the dry,oxygen-excesssilica.

It is important to determine the validity of Eq. (9
for other types of silicas. Imai and Hirashima [13
have presented data for a large number of silicas.
replot in Fig. 2 data for their sample S2 (see Fig.
of Ref. [13]) which is a dry,oxygen-deficientmaterial
containing 1018 cm23 Si-Si bonds and3 3 1018 cm23

chlorine atoms. The fitting parameters are given
2928
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FIG. 2. The filled circles represent data on S2 from Ref. [1
The solid line represents a fit of Eq. (9) to the data.

Table I. Figure 2 shows that, for more than 4 orders
magnitude in dose, the agreement between theory
experiment is excellent for the dry,oxygen-deficientsilica.

It is instructive to compare the fitting parameters
the two types of materials.Nc represents an effective
concentration associated with the creation process.
depends on the creation of defects from the netwo
through N0 and c, which are expected to be roughl
the same for the two materials, and on the activati
of defects from the precursors throughaa, which may
differ for the two materials. However,aa represents
the normalized probability of activation of a defect a
compared to the radiation-induced decay of the def
back to the precursor. There is no reason to exp
aa to differ strongly for the two materials. Thus, i
seems reasonable thatNc differs only by a factor of
2 for the two materials (Table I). In contrast to th
behavior of Nc, Na is approximately 6 times larger
for the oxygen-deficient material. This largerNa is
most likely due to the large number of Si-Si bond
in this material which give a large value ofNps0d.
The rate constantk, characterizing the interconversio
of precursors and paramagnetic defects, is an or
of magnitude greater in the oxygen-deficient materi
We conclude that the radiation-induced interconvers
of precursors and paramagnetic defects in the oxyg
deficient material, associated presumably with the Si
bonds, is more efficient than the interconversion in t
oxygen-excess material. This conclusion is consist
with the observation that theE0 center can be converted
very rapidly into theB2 center (neutral oxygen vacancy
TABLE I. Fitting parameters for Figs. 1 and 2.

Sample Nc scm23d Na scm23d k sMrad21d b

Suprasil W1 1.76 3 1015 8.9 3 1015 0.05 0.80
S2 (Ref. [13]) 0.86 3 1015 56.8 3 1015 0.54 0.95
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near SiO2ySi interfaces [32]. According to our previou
results [15], we expect that the interconversion in t
oxygen-excess material is associated with peroxy radic

To clarify further the physical meaning of the mode
we represent the accumulation of defects by

Nstd ­
Z t

0
dt0

∑
wst0dNc 1 e

2

Rt

t0
dt1 wst1d

wst0dNa

∏
, (11)

where Nc and Na are effective concentrations for cre
ation and activation as in Eq. (9), and thetime-dependen
probability wstd resulting from the radiation-driven relax
ation is given bybskqdbtb21 [compare with Eqs. (4)–(6)
wheredj ­ wstd dt]. Equation (11) describing creatio
and activation as affected by the radiation-driven rel
ation leads to Eqs. (7) and (9), respectively, on differen
ation or explicit integration. Thus, Eqs. (7), (9), and (1
give the most general description of the creation plus
tivation phenomena in defect production.

The present theory may be applicable to the laser, x-
and g-ray induction of defects in a wide range of amo
phous materials. For example, defects are produce
germanium-doped optical fibers by a one-photon proc
which is believed to be dominated by the activation
precursors [33]. The defect production was found to f
low a power law dependence on dose with a fractio
exponent ranging from 0.26 to 0.32; the results could
be explained with a simple exponential depletion of p
cursors. However, the present model shows that pure
tivation can be described by a power law dependenc
the low dose range.

In conclusion, a model of the production of defects
amorphous insulators by ionizing radiation has been p
sented. The fractional power law and the Kohlrausch
havior arise naturally as creation and activation proces
respectively. ESR was used to measure the conce
tion of E0 centers in high-purity,oxygen-excessamorphous
SiO2 over more than 4 orders of magnitude in absorb
x-ray dose. The theoretical prediction for the dose dep
dence of defect concentration was in excellent agreem
with the experimental results. Published data foroxygen-
deficientamorphous silicon dioxide, covering a broad do
range, were also found to be well described by the t
ory. The excellent agreement between the theory and
perimental data for doses less than 0.1 up to 2000 M
including regimes dominated in turn by activation and c
ation, gives confidence that the presented physical m
can provide a quantitative prediction of the radiation
sponse of a variety of amorphous materials.
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