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Two competing mechanisms of intrinsic defect formation in amorphous SiO2 �a-SiO2�, i.e., the vacancy-
interstitial �Frenkel� mechanism and Si-O bond dissociation to form silicon and oxygen dangling bonds, were
compared under �-ray electronic excitation. The Frenkel mechanism was found to be dominant. The concen-
trations of both kinds of defects strongly correlate with the degree of the structural disorder of a-SiO2,
providing experimental evidence that both types of intrinsic defect pairs are formed mainly from the strained
Si-O-Si bonds. The bond dissociation mechanism is more susceptible to the structural disorder than the
vacancy-interstitial mechanism.
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I. INTRODUCTION

The decay of electronic excitation may result in the for-
mation of intrinsic point defects in solids.1 The intrinsic de-
fect formation in amorphous SiO2 �a-SiO2� has been studied
extensively both experimentally2–13 and theoretically14–17 be-
cause of its fundamental interest and significance in various
SiO2-based devices including ultraviolet �UV� optics, optical
fibers, and gate dielectric films. The structural disorder that
distinguishes amorphous from crystalline states may provide
additional channels of defect formation; understanding these
channels is important for both the applications and general
science of the amorphous state.

Two major intrinsic defect processes are known for
a-SiO2. The first one, peculiar to the amorphous state, is the
cleavage of a single Si-O bond forming a silicon and oxygen
dangling-bond pair :�Si• �E� center� and �SiO• �nonbridg-
ing oxygen hole center �NBOHC��,2–7,17

�Si-O-Si � →
h�

� Si• + •OSi � . �1�

This reaction is enhanced by high-pressure densification2,18

or high-temperature annealing5,7 treatments, which increase
the concentration of “strained” Si-O-Si bonds,2–4,6,7,19 having
Si-O-Si bonding angles largely different from the relaxed
angle ��140° –150°�. There is evidence1,18,20,21 that static
potential fluctuations associated with the strained bonds en-
hance the self-trapping of radiation-induced holes and exci-
tons. Indeed, in �-quartz, a crystalline polymorph of SiO2
where all Si-O-Si bonds are equally relaxed ��144°�, exci-
tons can be self-trapped only transiently22–24 and holes are
unlikely to be self-trapped22 even at low temperatures. Fur-
thermore, dangling-bond formation by mechanism �Eq. �1��
has not been confirmed in electronically excited �-quartz.25

Thus, it is generally considered that the strained Si-O-Si
bonds are the main source of the dangling bonds. However,

in real glasses this intrinsic mechanism is often obscured by
extrinsic ones: the creation of dangling bonds by the decom-
position of SiH,26,27 SiOH,28–31 or SiCl �Refs. 4 and 32�
groups, present in most types of synthetic a-SiO2.

An alternative mechanism is the displacement of a bridg-
ing oxygen atom to form an interstitial oxygen atom �O0�
and the vacancy �Si-Si bond�,8–11,14,15

�Si-O-Si � →
h�

� Si-Si � + O0. �2�

Equation �2� is similar to the Frenkel mechanism in crystal-
line solids.1 However, its efficiency in a-SiO2 may depend
on the degree of the structural disorder, and this effect has
yet to be proven. Its examination has been difficult because
electron paramagnetic resonance �EPR�, historically the most
effective tool in studying the defect processes in
a-SiO2,2–6,8,9,12,33 is silent for diamagnetic Si-Si bonds and
O0. Besides, the characteristic 7.6 eV optical-absorption
�OA� band of Si-Si bond13,34–39 is inaccessible to conven-
tional visible-UV spectrometers. Furthermore, because inter-
stitial O0 does not have a distinct spectroscopic signature, its
creation has to be detected indirectly through reactions in-
volving O0, such as the formation of peroxy radicals �POR�
��SiOO•� �Refs. 8 and 40� and interstitial oxygen molecules
�O2�.9–11 Thus, the mechanism of Eq. �2� is still largely un-
explored, and it remains unclear which of Eqs. �1� and �2� is
the main mechanism.

In the preceding communication41 we compared the effi-
ciency of the two intrinsic mechanisms �Eqs. �1� and �2�� in
a-SiO2 by simultaneously detecting all the products �E� cen-
ter, NBOHC, Si-Si bond, and interstitial O2� by optical
means, and reported that Eq. �2� is dominant over Eq. �1�. In
this paper we extended the study for samples annealed at
different temperatures to examine the influence of the degree
of structural disorder of a-SiO2. Fluorine-doped synthetic
a-SiO2 was chosen because fluorine doping helps to elimi-
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nate extrinsic defect precursors including SiOH, SiCl, and
SiH groups. Furthermore, fluorine, which forms a strong Si-F
bond in a-SiO2, hardly participates in radiation-induced de-
fect processes4,42,43 and does not obscure intrinsic mecha-
nisms. A 60Co � ray source was used to homogeneously
ionize samples while avoiding the elastic displacive
collisions,1,44 with dose range extended as compared to the
preceding work.41

II. EXPERIMENTAL PROCEDURE

A. Sample preparation and measurements

Two types of fluorine-doped a-SiO2 were used:45 “DryF”
�SiF �4�1019 cm−3, SiOH�1017 cm−3�, having the lowest
concentration of the extrinsic defect precursors, and “WetF”
�SiF�1.4�1019 cm−3, SiOH�1�1018–2�1018 cm−3�.
The WetF sample was employed to test the influence of
SiOH groups, which are common extrinsic defect precursors
each radiolyzed to an NBOHC and a mobile interstitial hy-
drogen atom.28–31 The sample size was 10�6.5�2 mm3

and the two largest faces were polished to an optical finish.
Samples with different distributions of Si-O-Si angles were
prepared by varying the preannealing temperature. First, all
specimens were thermally equilibrated at 900 °C for 120 h.
Since this annealing was relatively long, it was performed in
a vacuum to avoid incorporation of gas molecules that may
influence the radiation-induced defect processes. Then, part
of each specimen set was additionally heated for 10 min at
1400 °C in air and quenched to room temperature. All
samples were then irradiated with 60Co � rays with an ab-
sorbed dose rate of �1.3�104 Gy h−1 �SiO2 equivalent�.46

The induced OA was measured by visible-UV and
vacuum-UV spectrometers �U-4000, Hitachi, and VU-201,
Bunkou-Keiki�. Interstitial O2 created by the dimerization of
O0 was detected by characteristic infrared �IR� photolumi-
nescence �PL� at 1272 nm using a Fourier-transform IR Ra-
man spectrometer �Model 960, Nicolet�. The relative O2 con-
centrations were evaluated from the PL intensity under 765
nm excitation10 and were converted to absolute concentra-
tions using a reference sample with a known O2
concentration.47

B. Accuracy of the defect concentration estimates

In this study, the concentrations of Si-Si bond, E� center,
and NBOHC were evaluated from the intensity of their char-
acteristic OA bands, and the concentration of interstitial O2
was determined from the intensity of the IR PL band. Thus,
it is very important to estimate the accuracy of the coeffi-
cients that correlate the OA and PL band intensities with the
concentration of relevant defect species.

The concentration of Si-Si bond was calculated from the
intensity of the 7.6 eV OA band using the absorption cross
section �=7.5�10−17 cm2, corresponding to the oscillator
strength f �0.4.48 The � value was experimentally
determined38 relying on the reaction

�Si-Si � + H2 → � SiH + HSi � , �3�

where the concentration change of SiH groups were evalu-
ated using � of their IR absorption band at 2260 cm−1.49 The

experimentally obtained f value agrees well with the value
�f �0.3� predicted by an ab initio calculation.50 Furthermore,
Si2H6, the simplest molecule containing Si-Si bond, exhibits
an OA band at 7.6 eV and its � value �6�10−17 cm2� is also
close to � of Si-Si bond in a-SiO2.51 This observation is
consistent with the theoretical indications35,50,52,53 that the
7.6 eV OA band originates from the electronic transition
from the bonding � state to antibonding � or Rydberg states
of Si-Si bond, suggesting that the transition is insensitive to
functional groups outside of the Si-Si bond. The uncertainty
in � of the 7.6 eV band determined in Ref. 38 arises mainly
from that of � of the 2260 cm−1 band of SiH group, where
�20% difference still remains for values reported so
far.49,54,55

The concentration of E� center was evaluated from the
intensity of the 5.8 eV OA band.56 Since E� center is para-
magnetic, � of this band can be directly determined by mea-
suring the concentration of unpaired spins. A good linear
relation has been found between the intensity of the 5.8 eV
OA band and the concentration of the unpaired spins, deter-
mined by the magnetic-susceptibility measurement,57 the
conventional EPR technique,57–59 and the spin-echo decay.60

The calculated � in units of 10−17 cm2 are 3.4�1,57,61 2,58,62

3.2,60 and 3.1�2.59,63 In the present study we employed a
value of �=2.5�10−17 cm2. A theoretical calculation has
predicted two OA bands of f =0.3 at 5.8 eV and f =0.03 at
5.9 eV.64 The former value corresponds to 4�10−17 cm2,48

which is close to the experimental values.
The concentration of NBOHC was determined from the

intensity of the 4.8 eV OA band. In principle, � of this OA
band could be obtained from the concentration of the un-
paired spins because NBOHC is paramagnetic as well. How-
ever, the correlation between OA and EPR signals of
NBOHC is less straightforward. A serious problem is occa-
sional presence of “EPR-silent” NBOHC; unlikely to the
conventional NBOHCs,65 EPR-silent NBOHCs do not give
measurable EPR signals around g=2,66–68 making it difficult
to accurately measure the concentration of NBOHC by EPR.
Such NBOHCs can be formed when the ground state is de-
generated and the momentum of the unpaired spin is com-
bined with the angular momentum of the degenerated oxy-
gen 2p	 orbitals.

NBOHC exhibits another weak but distinct OA band at
1.95 eV, which is accompanied by a nearly resonant PL band
at 1.9 eV. The electron-phonon coupling of the electronic
transition responsible for these OA and PL bands is very
small. This allows � of the 1.95 eV OA band to be evaluated
from the time decay of the PL intensity, offering a unique
opportunity to determine � of OA bands of NBOHC solely
by optical means. An f value of 1.55�10−4 has been derived
provided that the PL decay constant of the 1.9 eV PL band is
20 
s.69 However, a very recent study has reported that the
PL decay constant is smaller �15.3�0.3 
s�, resulting in an
increase in f and �.70 We tentatively set the PL decay con-
stant as 18 
s,71 and obtain � of 9.5�10−20 cm2 for the
1.95 eV OA band.48 The peak cross section of the much
stronger 4.8 eV OA band of NBOHC is then obtained as �
�4.9�10−18 cm2 by multiplying with the ratio of the peak
amplitudes of the 1.95 and 4.8 eV OA bands ��52�, which
is easily measured in a-SiO2 with large NBOHC
concentration.72,73
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Divalent Si �-Si
••

-� is not a product of reactions �Eqs. �1�
and �2��. However, the 5.0 eV OA band of divalent Si was
considered because this band overlaps, often as a minor com-
ponent, with the 4.8 eV band of NBOHC and the 5.8 eV
band of E� center. The 5.0 eV band of divalent Si appears
as an isolated peak in an unirradiated oxygen-deficient
a-SiO2,37,74 and the peak position and full width at half maxi-
mum �FWHM� are well known. Furthermore, since divalent
Si is a photoluminescent center, the PL excitation measure-
ment of the singlet and triplet PL bands �4.4 and 2.7 eV,
respectively� as well reproduces the peak shape of the 5.0 eV
OA band.37,74–76 The � value of the 5.0 eV OA band, calcu-
lated from the PL decay constant of the 4.4 eV singlet PL
band ��4 ns�, was �4.7�10−17 cm2 �f �0.135�.48,69 Nev-
ertheless, the � value was used only for the crude concentra-
tion estimation of divalent Si because the accuracy has not
been tested well.

As described above, 20%–30% systematic uncertainty
may still remain in � for Si-Si bond, E� center, and NBOHC
used in this study. On the other hand, statistical error of the
measurement of the absorption coefficient was �0.05 cm−1,
indicating that the measurement error was much smaller than
the uncertainty in �. Thus, a conservative error estimate for
concentrations of Si-Si bond, E� center, and NBOHC can be
set as �50%. The peak parameters used in this study are
summarized in Table I.

The presence of interstitial O2 is detected by their IR PL
band at 1272 nm under excitation at 765 �Ref. 10� or 1064
nm.77 The excitation efficiency is two orders of magnitude
smaller at 1064 nm than at 765 nm. However, the 1064 nm
excitation simultaneously induces the fundamental Raman
bands of a-SiO2, which are located spectrally close to the O2
PL band and have comparable intensities. Thus, the Raman
bands can be used as the internal standard of the PL inten-
sity; the concentration of interstitial O2 can be determined
from the PL intensity normalized by the intensity of the Ra-
man bands once the relation is determined.78 The relation has
been calibrated by thermal-desorption spectroscopy, with re-
cording of both the number of thermally desorbed O2 mol-
ecules and the simultaneous decrease in the normalized PL
intensity.47,79 This calibrated relation makes it possible to
determine the absolute concentration of interstitial O2 in
standard “reference” samples within �20%.47 The statistical
error of the O2 concentration measurement relative to such

precalibrated reference sample under excitation at 765 nm
was within �5%. Another potential source of error, the
variation in the PL quantum yield, is negligibly small when
the concentration of SiOH groups is less than �2
�1018 cm−3.80

III. RESULTS

Figure 1 shows optical-absorption spectra of the DryF
sample annealed at 900 °C followed by �-ray irradiation up
to �5.3�107 Gy, and the inset shows the peak decomposi-
tion of the induced absorption. The largest peak located at
7.6 eV was caused by Si-Si bonds. The induced absorption
below 6 eV was simulated well with a linear combination of
three bands associated with NBOHC �peak position, 4.8 eV�,
divalent Si �5.05 eV�, and E� center �5.78 eV�. However, it
was not possible to decompose the induced absorption be-
tween 6 and 7 eV because in this region the parameters of
absorption bands are presently not accurately known. The
concentrations of NBOHC, E� center, and Si-Si bond were
calculated using the � values listed in Table I. The contribu-
tion of divalent Si was minor; the concentration of divalent
Si was 1–2 orders of magnitude smaller than that of Si-Si
bond.81 Figure 2 shows the induced absorption and intersti-
tial O2 PL spectra for the DryF samples preannealed at 900
and 1400 °C. The induced absorption and PL bands were
stronger in the sample annealed at 1400 °C.

Figure 3 summarizes the variation in the defect concen-
trations with the �-ray dose D. In the DryF sample �Fig.
3�a��, Si-Si bond was the most abundant defect species, even
when considering the maximum uncertainty of the defect
concentration ��50% �see Sec. II B��. The slopes of the plots
for Si-Si bond and interstitial O2 were close to one at small
D, indicating a linear concentration dependence on D. How-
ever, the slopes gradually decreased with an increase in D. In
contrast, the concentrations of E� centers and NBOHCs were

TABLE I. Peak position, peak absorption cross section, and
Gaussian FWHM of optical-absorption bands of color centers used
for the peak decomposition and concentration evaluation in this
study. The source and uncertainty of the peak absorption cross sec-
tion, which are crucial in evaluating the concentration, are de-
scribed in Sec. II B.

NBOHC Divalent Si E� center Si-Si

Peak position �eV� 4.8 5.05 5.78 7.6

Peak absorption cross
section �10−18 cm2�

4.9 47a 25 75

Gaussian FWHM �eV� 1.07 0.3 0.8 0.7

aUsed only for crude concentration evaluation of divalent Si.
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FIG. 1. Optical absorption spectra �resolution of 1 nm� of the
DryF samples heated at 900 °C and irradiated with 60Co � rays.
The inset shows the induced absorption spectra at a cumulative dose
of �5.3�107 Gy, obtained by subtracting the spectrum of the unir-
radiated sample from the original spectrum. The induced absorption
spectrum is fitted with a linear combination of Gaussian-shaped
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squares fitting. The peak parameters used for the fitting is listed in
Table I.
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nearly equal within their uncertainties, and increased sublin-
early with D �average slope: �0.5–0.6� even at small D,
consistent with earlier reports on defect formation in
�-ray-irradiated a-SiO2.2,6,31 The defect concentrations in the

samples annealed at 1400 °C were larger than those in the
samples annealed at 900 °C. In addition, the ratio r between
the defect concentrations in the 1400 and 900 °C samples
was nearly constant at each D, leading to a parallel upward
shift of the logarithmic plots with higher temperature anneal-
ing. The shift was larger for the dangling bonds than for the
Frenkel defects; the average r values were �2.6 for E� cen-
ter, �2.8 for NBOHC, �1.8 for Si-Si bond, and �1.9 for
interstitial O2.

The concentrations of defects in the WetF sample �Fig.
3�b�� were larger than those in the DryF sample �Fig. 3�a��.
The formation of NBOHC in larger numbers than that of E�
center at small D was evidently due to the radiolysis of
SiO-H bonds.28,29 The concentration of interstitial O2 de-
pended linearly on D at small D similar to the case for the
DryF sample. However, the ratio between the concentrations
of Si-Si bond and interstitial O2 decreased with D, exhibiting
an excess formation of Si-Si bonds at low D in the WetF
sample. This process is probably due to the photochemical
reduction in Si-O-Si bond with interstitial H2 under elec-
tronic excitation,82

�Si-O-Si � + H2→
h�

� Si-Si � + H2O, �4�

where interstitial H2 is generated by the dimerization of hy-
drogen atoms created from SiOH groups.28,29 The average r
values �E� center, �1.6; NBOHC, �1.7; Si-Si bond, �1.4;
interstitial O2, �1.6� were smaller than those measured in
the DryF sample. Nevertheless, despite these small differ-
ences, the general tendencies of the defect formations in the
DryF and WetF samples were similar, indicating that the
presence of �1018 cm−3 of SiOH groups does not change
the main defect formation mechanism. It is noteworthy that
the initial slope for interstitial O2 was �1 in all the samples
and thus interstitial O2 is useful in monitoring the reaction
�Eq. �2��.

Since the concentrations of Si-Si bonds and interstitial O2
depend linearly on D at small D, the formation yield � may
be calculated as

� =
C

N
=

C

D�/W
, �5�

where N and C are the densities of radiation-induced
electron-hole pairs and created defects, respectively, � is the
density of a-SiO2 ���2.2 g cm−3�,83 and W is the energy
required to generate an electron-hole pair. Table II summa-
rizes the C /D values derived from the plots shown in Fig. 3,
and the � values calculated at W=18 eV.84 The formation
yield of Si-Si bonds agrees well with that in a-SiO2 subjected
to electronic excitation with 10 MeV protons ���1�10−5

at W=18 eV �Ref. 9��.

IV. DISCUSSION

An important finding in this study is that Si-Si bond
emerges as the main intrinsic �-ray induced defect if the
extrinsic defect precursors are eliminated. The concentra-
tions of Si-Si bond and interstitial O2 depend linearly on
dose D at small D. The concentration of interstitial O2 being
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nential defect formation kinetics and the derivation is described in
the Appendix.
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less than that predicted by the mechanism Eq. �2� indicates
that only O0s created as close pairs are dimerized.85 The
concentrations of E� center and NBOHC are nearly equal at
all D, suggesting that their main formation mechanism is Eq.
�1�. However, they are less than the concentration of Si-Si
bonds and even less than the lower concentration limit of
radiation-induced O0s given by twice the O2 concentration at
large D in the DryF sample. Thus, we conclude that the
Frenkel mechanism �Eq. �2�� is the main intrinsic defect pro-
cess in a-SiO2 subjected to band-to-band electronic excita-
tion.

The significant difference in the defect concentration be-
tween the samples preannealed at 900 or 1400 °C �Fig. 3�,
which have different concentrations of “frozen-in” strained
Si-O-Si bonds, provides an additional insight into their role
in defect formation. The enhanced creation of the dangling
bonds in the sample annealed at higher temperature demon-
strates that the dangling bonds are generated mainly from the
strained bonds, in accord with the previous reports.2,5,7 An
important finding is that the “defect enhancement factor” r
remains nearly constant at all investigated Ds, even at the
largest D, indicating that the strained bonds remain the domi-
nant dangling-bond precursors at all Ds and the contributions
from the much more abundant precursor sites in the form of
“normal,” nonstrained Si-O-Si bonds �4.4�1022 cm−3� are
relatively insignificant.

While the correlation between the strained bond precur-
sors and radiation-induced dangling bonds in a-SiO2 is pre-
dictable, a similar effect on the creation of the Frenkel de-
fects is intuitively less obvious. The present data demonstrate
that the formation of Si-Si bonds and interstitial O2 is indeed
enhanced by increasing the preannealing temperature from
900 to 1400 °C. This result shows that the strained bonds are
also the main precursor sites for the Frenkel process �Eq.
�2��. Indeed, in �-quartz in which Si-O-Si bonds are relaxed,
� irradiation creates Si-Si bonds with much lower
efficiency86 and does not form detectable interstitial O2.10

Thus, it is most likely that the strained bonds enhance the
localization of excitation energy, and the conversion to per-
sistent defects via Eqs. �1� and �2�.

The kinetics of the reaction mechanisms described by
Eqs. �1� and �2� is single exponential when each precursor
site has the same � value �see the Appendix and Fig. 4�.
Typical theoretical curves for such exponential defect forma-
tion kinetics are shown as dotted lines in Fig. 3. The slope of
the theoretical curves changes sharply from one to zero near

the equilibrium concentration. Their character is not much
changed by taking first- or second-order back reaction into
account. In contrast, the slopes for the observed curves de-
crease gradually with D probably because of an overlap of
processes characterized by different � values, as shown in
Fig. 4�b�. The transition range widens with an increase in the
� distribution width, resulting in a sublinear concentration

TABLE II. Initial concentration to dose ratio C /D �cm−3 Gy−1, at D106 Gy� and quantum yield � of
the formation of Si-Si bond and interstitial O2 by �-ray irradiation. C /D is obtained as the C intercept of the
linear extrapolation of the plots at D106 Gy in Fig. 3. � is calculated from C /D using Eq. �5� on
assumption that the average energy required to form an electron-hole pair in a-SiO2 is 18 eV �Ref. 84�.

Si-Si bond Interstitial O2

Sample C /D � C /D �

DryF 900 °C 1.1�1010 1�10−5 1.8�109 2�10−6

1400 °C 2.2�1010 3�10−5 3.4�109 5�10−6

WetF 900 °C 2.5�1010 3�10−5 2.4�109 3�10−6

1400 °C 3.1�1010 4�10−5 3.7�109 5�10−6
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FIG. 4. �a� Typical simulated curves of time-dependent change
in normalized concentration of products A1 and A2 generated by the
mechanism �Eq. �A1��. Curves for no �k�=0 in Eq. �A3��, first-order
�k�=k in Eq. �A3��, and second-order �k�=k /C0 in Eq. �A6�� back-
ward reactions are drawn at k=10−3. �b� Effect of overlap of defect
formation processes of different time constants �. Each � compo-
nent is shown with thin lines. Two examples, where the saturation
concentration of the components is constant and increases with �
�solid and dashed lines, respectively�, are exhibited. In the total
concentration changes �thick lines�, sublinear concentration depen-
dence on time is clearly seen.
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increase over a wide D range. The difference in � may origi-
nate from the site to site structural variation of the local
configuration of the defect precursors. A similar idea has
been put forward to explain the sublinear dose dependence of
photoinduced compaction of a-SiO2.87 Thus, the slopes for
the E� center and NBOHC plots being less than those of the
Si-Si bond and interstitial O2 plots suggest that � of the
dangling-bond pair is more sensitive to the local Si-O-Si
configuration. Indeed, as shown by larger r values for the
dangling bonds ��2.7� than for the vacancy interstitials
��1.9�, the dangling-bond mechanism is more susceptible
to the degree of the structural disorder of a-SiO2 than the
Frenkel mechanism.

V. CONCLUSIONS

The present paper reports three fundamental findings on
intrinsic defect formation in a-SiO2: �i� The Frenkel process,
which is the main intrinsic defect formation mechanism in
crystalline solids, is also the main process in a-SiO2, prevail-
ing over the bond dissociation mechanism specific to the
amorphous state. �ii� The efficiency of the Frenkel process is
influenced by the degree of structural disorder �distribution
in the Si-O-Si angle� of a-SiO2, making the process depen-
dent on the fictive temperature and rendering it much more
efficient in a-SiO2 than in �-quartz. �iii� The structural dis-
order enhances the bond dissociation mechanism more
strongly than the Frenkel mechanism.
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APPENDIX

Defect formation from precursor A �initial concentration
C0� into defect pair A1 and A2 �concentrations C; C=0 at
time zero t=0� will be considered. This process may consist
of forward and backward reactions as

A � A1 + A2. �A1�

It is assumed that the forward reaction is first order and the
rate constant is k.

When the back reaction is first order �rate constant k��, the
rate equation for the products A1 and A2 is given by

dC

dt
= − k�C + k�C0 − C� = − �k� + k�C + kC0, �A2�

C =
kC0

k + k�
exp�− t/�� where �−1 = k + k�. �A3�

Thus, the reaction kinetics is single exponential irrespective
of the rate of the backward reaction.

When the backward reaction is second order �k��0�, the
rate equation becomes

dC

dt
= − k�C2 + k�C0 − C� = − k��C − ���C − �� ,

where �,��� � �� =
− k/k� � ��k/k��2 + 4kC0/k�

2
.

�A4�

The definite integration of Eq. �A4� yields

C − �

C − �
=

�

�
exp�− t/�� ,

where �−1 = k��� − �� = �k2 + 4kk�C0. �A5�

The rearrangement of Eq. �A5� gives

C =
��1 − exp�− t/���
1 − � exp�− t/��/�

. �A6�

The value −� /� is a monotonic function of k� /k that is ex-
pressed by

−
�

�
=

�4C0k�/k + 1 − 1
�4C0k�/k + 1 + 1

. �A7�

Since −� /� takes the maximum value of one at C0k� /k�1
�case back reaction is faster than the forward reaction� and
the minimum value of zero at C0k� /k�1 �case backward
reaction does not occur or is very slow�, the denominator of
Eq. �A6� ranges only between one and two. Furthermore, the
term � exp�−t /�� /� approaches zero with an increase in t.
Thus, Eq. �A6� is approximately described by the single ex-
ponential kinetics as

C � ��1 − exp�− t/��� . �A8�

Typical t-C relations of Eqs. �A3� and �A6� are shown in Fig.
4�a�. It is evident that the shape of the t-C curve is almost
irrelevant to the rate and order of the backward reaction.
These results indicate that these simple models do not ex-
plain the sublinear time �dose� dependence of the defect con-
centration.

Figure 4�b� shows that the sublinear time dependence can
be reproduced by an overlap of processes with different time
constants �.
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