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Electron-spin-resonance (ESR) and ultraviolet—vacuum-ultraviolet (uv-vuv) spectra were measured on
two types of oxygen-deficient silicas, i.e., low-OH ([OH] <1 ppm) and high-OH ([OH]~20 ppm) silicas,
and a high-OH ([OH] = 1000 ppm) stoichiometric silica. The results of ESR show that the E’ concentra-
tion induced in an OH-containing oxygen-deficient silica is one or two orders of magnitude higher than
in low-OH oxygen-deficient and high-OH stoichiometric silicas when exposed to 6.4-eV or 7.9-eV pho-
tons. It is shown from the vuv spectra that the conversion of an oxygen vacancy into an E’ center is
enhanced in the OH-containing oxygen-deficient silica compared with the low-OH oxygen-deficient sili-
ca. The conversion into an E’ center is considered to be mediated by diffusion of atomic hydrogen
released from the Si-H bond. A slight peak shift of the 5.8-eV absorption band due to the E’ center sug-
gests that the formation of an E g-like center is involved in the enhanced E’ creation. A possible correla-
tion of the enhanced E’ creation with the appearance of a 7.4-mT doublet in the ESR spectrum is also

discussed.

I. INTRODUCTION

Radiation-induced defect formation in amorphous sil-
icon dioxide (a-SiO,) has long been a topic of interest,
since it concerns the long-term reliability of silica-based
optical fibers, bulk silica for ultraviolet-grade optics and
thin SiO, films used in electronic devices under radiation
[x and y rays and ultraviolet—vacuum-ultraviolet (uv-
vuv) photons].! Hydrogen is one of the most common
impurities incorporated in @-SiO,. For example, in the
case of high-purity silica synthesized by H, /O, flame hy-
drolysis, hydrogen can be contained abundantly
([OH] =~ 10%*-10° ppm) in the form of hydroxyl. Exposure
of a-Si0, films to a hydrogen ambience is frequently in-
volved in metal-oxide-semiconductor device processing.
It is therefore important to understand the basic mecha-
nisms involved in defect formation in the presence of hy-
drogen in a-SiO,.

Hydroxyl is one of the possible forms of hydrogen in
a-SiO,. Several studies have been made to understand the
effect of hydroxyls on photoinduced defect formation by
means of electron-spin-resonance (ESR),>”7 optical-
absorption,»®#~12 and photoluminescence®®!! measure-
ments. While the incorporation of hydrogen in the form
of hydroxyl has generally been thought to be a measure
for suppressing the formation of E’ centers, enhanced E’
creation is reported to be observable in oxygen-deficient
silicas treated by hydrogen’ and OH-containing oxygen-
deficient silicas (20—500 ppm).® Thus the role of hydro-
gen seems to be so diverse that its identification is one of
the most important issues in defect formation in a-SiO,.

In this paper we will present the results of ESR and
optical-absorption measurements in the uv-vuv region on
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oxygen-deficient and stoichiometric silicas containing
various degrees of OH concentration. Electron-spin-
resonance measurements show a significant increase in
the concentration of the E’ centers induced in an OH-
containing oxygen-deficient silica. Optical-absorption
measurements in the uv-vuv region reveal the conversion
of preexisting oxygen vacancies into E’ centers. This pa-
per provides evidence that hydrogen plays a significant
role in the formation of E’ centers from preexisting oxy-
gen vacancies. Analogy with light-induced defect
creation in hydrogenated amorphous silicon (a-Si:H) is
also discussed.

II. EXPERIMENTAL PROCEDURES

Two types of oxygen-deficient samples with different
hydroxyl contents were studied. Samples OD1 and OD2
are low-OH ([OH] < 1 ppm) oxygen-deficient type silicas,
which contain neutral oxygen vacancies.!*>!* Sample
ODH is an oxygen-deficient-type silica containing hy-
droxyls ((OH]=~20 ppm), in which enhanced E’ creation
was previously observed.’ As a reference, a high-OH sili-
ca (OH) produced by flame hydrolysis is also studied,
which contains hydroxyls of = 1000 ppm. This sample is
thought to be relatively stoichiometric from our previous
studies using ESR, optical-absorption, and luminescence
measurements.>!! The sample shape is a slab of
0.7X2X25 mm? for ESR measurements and a plate with
a radius ¢ ~10 mm and a thickness of 0.7-40 mm for
optical-absorption measurements.

Excimer-laser irradiation was carried out with a Lamb-
da Physik LPX-105i excimer laser using Ar/F,/He (193
nm, 6.4 eV) or F,/He mixture (157 nm, 7.9 eV) as a laser
gas. Irradiation was performed at room temperature in
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air for the 6.4-eV photons and in a N, atmosphere for the
7.9-eV photons. The pulse energy was monitored with a
Scientech thermopile power meter.

ESR measurements were performed using a JEOL
RE-2XG spectrometer operating at X-band frequency
(v=9.25 GHz) with a modulation amplitude of 0.063
mT. The samples in quartz tubes were kept at 77 K by
immersing them in liquid N, during measurements. The
microwave power was set at 1 uW for the detection of the
E' centers.

Optical-absorption measurements in the region of 6—8
eV were carried out with a 1-m Seya-Namioka type
monochromator using synchrotron radiation as a light
source (0.38-GeV SOR-RING, The Institute for Solid
State Physics, The University of Tokyo, Tanashi, and
0.75-GeV UVSOR, Institute for Molecular Science, Oka-
zaki). A conventional uv spectrometer (Shimadzu UV-
160) was employed for the absorption measurements at
3-6¢V.

The time elapsed after the exposure to laser photons
until the measurement is several minutes to hours for
ESR and uv absorption and is within a few days for vuv
absorption. During this period, the sample was kept im-
mersed in liquid nitrogen.

III. RESULTS AND DISCUSSION

Figure 1 shows the ESR spectra of the (a) low-OH
oxygen-deficient sample ODI1, (b) OH-containing
oxygen-deficient sample ODH, and (c) high-OH sample
OH, after exposure to 6.4-eV photons (35 mJ/cm? per
pulse, 30 Hz, 30 min). The central features at =330 mT
(g =2.001) observed in all samples indicate the presence
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FIG. 1. ESR spectra of (a) oxygen-deficient silica ODI1, (b)
OH-containing oxygen-deficient silica ODH, and (c) high-OH
silica OH after 6.4-eV laser irradiation (35 mJ/cm? per pulse, 30
Hz, 30 min).
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of so-called E’ centers (=Si-), comprising an unpaired
spin in a sp® hybrid orbital of silicon bonded to three
separate oxygens (in this paper the dot represents an un-
paired spin and the symbols “=" and “==" denote
bondings with three and two separate oxygens, respec-
tively). A doublet signal with a magnetic field separation
of 7.4 mT can be seen in the spectra of sample ODH [(b)],
indicating the presence of an unpaired spin undergoing a
hyperfine interaction with a nearby nucleus with a spin of
I=1. The 7.4-mT doublet was identified to be an un-
paired spin on a silicon bonded to two separate oxygens
and a hydrogen (= Si—H), which was proposed by Tsai
and Griscom!®> and supported by a theoretical calcula-
tion.!® For sample OD2, a virtually identical spectrum
with sample OD1 was obtained.

Figure 2 highlights enhanced photogeneration of the
E' centers, comparing the concentrations of the E’
centers in samples OD1, ODH, and OH as a function of
6.4-eV laser fluence. A monotonic increase is observed in
the low-OH oxygen-deficient sample OD1. A significant
growth of the E' center is observed in the OH-containing
oxygen-deficient sample ODH ([OH]=20 ppm) up to
~4X10'® cm ™3, followed by a saturation. The E’ con-
centration in the high-OH stoichiometric sample OH
([OH]=1000 ppm) shows an immediate saturation at
~8X 10 cm™3 and a subsequent decrease with increas-
ing laser fluence. The E’ concentration in sample ODH
is one or two orders of magnitude higher than those in
samples OD1 and OH over the whole range of laser
fluence. A similar enhanced E’ creation was also ob-
served in sample ODH exposed to 7.9-eV photons. Two
important features can be noted for the enhanced E’ for-
mation. First, from the results of samples OD1 and
ODH, the presence of hydrogen appears to be correlated
with enhanced E’ creation. Second, in comparison with
the result of the stoichiometric sample OH, the oxygen
deficiency is also responsible for the enhanced E’'
creation.

Figure 3 shows the vuv absorption spectra of the unir-
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FIG. 2. Concentrations of the E’ centers in samples: low-
OH oxygen-deficient silica ODI1, OH-containing oxygen-
deficient silica ODH, and high-OH silica OH, as a function of
6.4-eV laser fluence (35 mJ/cm? per pulse, 30 Hz, 1-30 min).
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FIG. 3. Vacuum-ultraviolet absorption spectra of unirradiat-
ed silicas: low-OH oxygen-deficient samples OD1 and OD2,
OH-containing oxygen-deficient sample ODH, and high-OH
sample OH.

radiated samples OD1, OD2, ODH, and OH. The
oxygen-deficient samples OD1, OD2, and ODH exhibit a
7.6-eV absorption band, which is attributed to preexisting
oxygen vacancies (=Si—Si=).!>!* In addition, an ab-
sorption tail above 7.5 eV can be seen in the OH-
containing samples ODH and OH, which is thought to be
due to hydroxyls.®

Shown in Figs. 4(a) and 4(b) are the vuv optical-
absorption spectra of two different oxygen-deficient sili-
cas (a) OD2 ([OH] <1 ppm) and (b) OH-containing ODH
([OH] =20 ppm) before and after exposure to 6.4-eV pho-
tons (35 mJ/cm? per pulse, 30 Hz, 30 min) and 7.9-eV
photons (3 mJ/cm? per pulse, 50 Hz, 25 min). Since the
7.6-eV band is too intense in sample OD1, sample OD2
was alternatively chosen to observe spectral changes at
7.6 eV due to oxygen vacancies. In the case of the low-
OH sample OD2, no significant change is observed when
exposed to 6.4-eV photons. When exposed to 7.9-eV pho-
tons, the 7.6-eV band appears to grow and the peak shifts
to a lower energy in sample OD2. An interpretation of
the vuv spectral behavior is beyond the scope of the
present paper and will be given elsewhere.!” On the other
hand, a pronounced decrease of the 7.6-eV absorption
band is observed for sample ODH exposed to either 6.4-
or 7.9-eV photons. In addition, a significant growth is
observed around 6 eV, in accordance with the decrease of
the 7.6-eV band. The induced absorption around 6 eV is
thought to be the high-energy tail of the absorption band
around 5.8 eV associated with E’ centers.'® Assuming an
absorption cross section at 7.6 eV of 8X107!7 cm? re-
ported for the oxygen vacancy,® we estimate the de-
creased concentrations of the oxygen vacancy in sample
ODH by 6.4- and 7.9-eV photons to be 5X10' and
1.6 X107 ¢m ™3, respectively. These are in good agree-
ment with the E’ concentrations of 3.8X10'° and
1.2X 10! cm™3 determined from ESR data for 6.4- and
7.9-eV photons, respectively. This demonstrates a one-
to-one correlation between the annihilation of oxygen va-
cancies and the generation of the E’ centers in sample
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FIG. 4. Vacuum-ultraviolet absorption spectra of (a) low-OH
oxygen-deficient silica OD2 and (b) OH-containing oxygen-
deficient silica ODH, before and after exposure to 6.4-eV pho-
tons (35 mJ/cm? per pulse, 30 Hz, 30 min) and 7.9-eV photons
(3 mJ/cm? per pulse, 50 Hz, 25 min).

ODH. Thus it should be concluded that the enhanced E’
creation is due to the conversion of oxygen vacancies into
E’ centers. The results shown above are summarized in
Table I.

A prevailing model for the generation mechanism of
the E’ center in a low-OH oxygen-deficient silica is a hole
trapping at the site of the oxygen vacancy, as proposed
by Feigl, Fowler, and Yip:19

=Si—Si=-—>=Si-"Si=+e~ . (1)

Thus we attribute the E’ centers in the low-OH oxygen-
deficient samples such as OD1 and OD2 to be generated
by the reaction of Eq. (1). Since only a small fraction
(£1073-1072) of the preexisting oxygen vacancies are
transformed into E’ centers, the decrease in the 7.6-eV
absorption band is thought to be negligibly small.

In the case of the OH-containing oxygen-deficient sam-
ple ODH, the presence of a substantial amount of hydro-
gen should be taken into consideration as well as oxygen
vacancies. It was previously inferred by Griscom?’ that
an E’ variant labeled as the Ej center can be formed by
diffusion and subsequent trapping of atomic hydrogen at
the site of oxygen vacancy, following irradiation by x rays
at 77 K:
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TABLE I. Summary of the experimental results of ESR and vacuum-ultraviolet absorption measure-
ments (D and ND denote “detected” and “not detected,” respectively).

Concentration (cm™3)

Unirradiated 6.4 eV? 7.9 ev? 6.4 eV
Sample [Si—sSi] [E"] — A[Si—Si] [E1 —A[Si—Si] 7.4 mT
OD1 >10'8 6.8 10" 2.3X 106 ND
OD2 8 X 10"7 ND
ODH 7% 10" 3.8x10' 5% 10 1.2x 10" 1.6X 10" D
OH 5.7X 10" 4.9X% 10" ND

*The value at the total laser fluence of ~1.9X 10 J/cm? for 6.4-eV photons and ~2.3X 10? J/cm? for

7.9-eV photons.

=Si—Si= +H’> =Si—H==_Si- . ()

Here the puckered configuration of the unpaired spin
against the Si—H bond is based on the absence of
hyperfine structure in the ESR spectrum of the E center,
implying a separation between the unpaired spin and hy-
drogen by more than 5 A.?° Indeed, we observed the
ESR signal of atomic hydrogen at 77 K in sample ODH
(data not shown), following irradiation with 6.4-eV pho-
tons at 77 K, though we could not observe it in the sam-
ple irradiated at room temperature. There are two possi-
ble candidates for the source of atomic hydrogen,
Si—OH and Si—H bonds. The Si—OH bond can be
ruled out for the source of H° based on the absence of
nonbridging oxygen hole centers (=Si—O-), the coun-
terpart of H® formed by the radiolysis of O—H bond:

=Si—OH— =Si—O0-+H"° . (3)

Particularly in sample ODH prepared under an oxygen-
deficient condition, the Si—H bond is thought to be
another form of oxygen deficiency in addition to the
Si—Si bond. Our previous study demonstrates that disso-
ciation of the Si—H bond is much more likely to occur
than that of the O—H bond under 6.4-eV laser irradia-
tion.” In the case of the 7.9-eV photons where dissocia-
tion of the O—H bond is thought to be possible,” the
NBOHC concentration [5.4X 10" ¢cm ™3 (not shown in
Table I)] in the 7.9-eV-irradiated sample ODH is two or-
ders of magnitude smaller than the E’ concentration
(1.2X10'7 ecm™3). Thus it is considered that atomic hy-
drogen released from a Si—H bond rather than from a
Si—OH bond plays a dominant role in the conversion of
the oxygen vacancy into an E' center, either in the case
of 6.4- or 7.9-eV photons. In view of the reaction of Eq.
(2), the following scheme involving diffusion and trapping
of atomic hydrogen at the site of Si—Si is proposed:

=Si—H+ =Si—Si=
—=Si-+=Si—H=Si-. @)

Note that the sites of the two defects, =Si—H
and =Si—Si==, are not necessarily nearby since the
diffusion of H® is considered to be involved. The reaction
of Eq. (4) indicates that annihilation of one =Si—Si=
bond leads to the formation of a pair of E’ centers. This
is consistent with the present results in terms of the

ESR-vuv correlation, within an error in the absolute ESR
spin concentrations (see Table I). The model of Eq. (4)
also explains the observation by Imai and co-workers that
the growth of a Raman-scattering peak at 2250 cm ™~ ! due
to a =Si—H bond was observed in low-OH oxygen-
deficient silica after hydrogen treatment at 800°C, in ac-
cordance with the decrease of the 7.6-eV band due to the
oxygen vacancy.®?! Although they attributed the
efficient E’ creation in the H,-treated oxygen-deficient sil-
ica solely to the dissociation of the Si—H bond,

=Si—H-—»=Si-+H°, (5)

our results clearly demonstrate that the conversion of the
oxygen vacancy is the main reaction for enhanced E’
creation. In fact, as Imai et al.® themselves pointed out,
the 7.6-eV band cannot be bleached out by a hydrogen
treatment at temperatures between 600 and 1000 °C; i.e.,
oxygen vacancies still remain in their sample. Thus their
results can be well accounted for in the context of the re-
action model of Eq. (4), in which the coexistence of Si—Si
and Si—H bonds is required.

If the E’ centers induced in sample ODH are in the
form of Ejp centers (=Si—H =Si-), there should be
some differences in the ESR and uv spectral signatures
from those induced in the low-OH oxygen-deficient sam-
ples OD1 and OD2. Although Griscom distinguishes the
Ej center by the small deviation in the value of g,
(Ag =~0.00008) from the E;, center (=Si-tSi=),% the
present ESR measurements do not allow one to detect
such a subtle difference in the g value. Figure 5 shows
the uv spectra of samples OD1, OD2, and ODH exposed
to 6.4-eV photons (35 mJ/cm? per pulse, 30 Hz, 30 min).
The well-known 5.8-eV (5.75-eV) band due to E’ centers'®
is seen in the low-OH oxygen-deficient samples OD1 and
OD2. On the other hand, the peak slightly shifts by 0.1
eV (to 5.65 eV) in the OH-containing oxygen-deficient
sample ODH. A radiation-induced band at 5.4 €V in a-
quartz has been correlated with the E) center.!® Since
the E center is analogous to the E center in a-quartz as
discussed by Griscom,! the peak shift can be interpreted
as the creation of Ej centers exhibiting a peak around 5.4
eV which overlap with the 5.8-eV band due to the E/,
center. This result supports the above-mentioned mecha-
nism of Egs. (2) and (4) for enhanced E’ creation in sam-
ple ODH.

Recently, similar phenomena have been reported for
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FIG. 5. Ultraviolet absorption spectra of low-OH oxygen-
deficient silicas OD1 and OD2 and OH-containing oxygen-
deficient silica ODH, after exposed to 6.4-eV photons (35
mJ/cm? per pulse, 30 Hz, 30 min).

thermal oxides and buried oxides formed by the separa-
tion of silicon by implantation of oxygen (SIMOX) pro-
cess.?»?3 For both oxides, the formation of the E’ center
induced by y rays is significantly enhanced by the pre-
hydrogen-treatment above 600°C.?> They argued that
the Si—H bonds are responsible for enhanced E’
creation.?>?3 If we assume the presence of oxygen vacan-
cies as well as Si—H bonds in thermal oxides and buried
oxides, the increased E’' creation in the H,-annealed
thermal and buried oxides can be also understood in
terms of the oxygen-vacancy—-E’ conversion model.
Especially in SIMOX oxides, relatively high concentra-
tions of oxygen vacancies might be expected by the very
nature of their manufacturing process, as discussed by
Devine, Leray, and Margail.?

We should also mention the stability of the E’ centers
formed by the reactions of Eqgs. (1), (2), and (4). In the
case of Eq. (1), the neutral Si—Si bond can be reformed
by trapping an electron at the site of the E’ center or pos-
itively charged oxygen vacancy (=Si-"Si=). The re-
verse reaction of Eq. (1) was in fact demonstrated in elec-
tron injection experiments on thermal oxides by Warren
et al.** This means that creation and annihilation of E’
centers can simultaneously occur during irradiation,
since free electrons can be generated by two-photon ab-
sorption during exposure to 6.4- or 7.9-eV photons.’ In
contrast, the back reaction of Eq. (2) or (4) will be inhibit-
ed by the diffusion of atomic hydrogen away from the ini-
tial bonding site and subsequent trapping at another
Si—Si bond to form a distant pair of an E’ center and a
new Si—H bond. Enhanced E’ creation is thought to be
a manifestation of the stability of the E’ centers produced
by the mechanism of Eq. (2) or (4).

Finally, we will discuss the appearance of the 7.4-mT
doublet in the ESR spectrum of sample ODH (see Table
I). In view of the reaction of Eq. (1) or (5), the following
reactions are considered for the appearance of the 7.4-mT
doublet or = Si—H bond:
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H H
l | (6a)
=Si—Si=—>=Si-"Si=+e~
or
— =Si—H-Si= . (6b)
Here, the
H
|
=Si—Si=

structure is assumed for the precursor of the =Si—H
bond. The mechanism of Eq. (6a) involves a hole trap-
ping at the Si—Si bond, in analogy with the reaction of
Eq. (1). The latter scheme in Eq. (6b) involves movement
of hydrogen, which is inferred from the so-called weak-
bond model proposed in light-induced defect formation
in a-Si:H.?® Allowing further movement of hydrogen in
the network and trapping at a distant Si—Si bond, the
precursor of the 7.4-mT doublet in the left-hand side of
Eq. (6) can be also seen as a source of hydrogen. Thus
the following scheme can be invoked by replacing the
=Si—H in Eq. (4) with
H

|
=Si—Si=
structure:
H
l

=8i—Si=+ =Si—Si=
—=S8i—Si=+=Si—H=Si-. (7)

In view of the reactions of Egs. (6b) and (7), the = Si—H
can be regarded as an intermediate product in a series of
reactions leading to the formation of a stable pair of E’
centers. It should be noted that the reaction of Eq. (7) is
compatible with the reaction of Eq. (4) and can be seen as
a variation of the oxygen-vacancy—E’ conversion model.
Further investigation is needed to clarify the correlation
of the 7.4-mT doublet with enhanced E’ creation.

IV. CONCLUSION

In conclusion, the mechanism of enhanced E’ creation
in oxygen-deficient silica in the presence of hydrogen is
investigated through ESR and uv-vuv absorption mea-
surements. Enhanced E’ creation is observed only in an
OH-containing oxygen-deficient type silica. The results
of the uv-vuv absorption measurements provide direct
evidence that enhanced E’ creation is due to the conver-
sion of a preexisting oxygen vacancy into an E’ center.
In analogy with the Ej; model, we proposed a reaction
scheme involving trapping of atomic hydrogen at the site
of the oxygen vacancy. The source of hydrogen is con-
sidered to be Si—H bonds rather than Si—OH bonds.
The peak shift in the absorption band associated with E’
centers around 5.8 eV suggests the creation of an E j-like
center in OH-containing oxygen-deficient silica. The ap-
pearance of the 7.4-mT doublet or =Si—H structure is
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explained as an intermediate produced in the course of
reactions involved in the conversion of an oxygen vacan-
cy into an E’ center. The present oxygen-vacancy—E’
conversion model can be further extended to an explana-
tion of the increased concentration of radiation-induced
E’ centers observed in technologically important thermal
oxides and buried oxides annealed in H, above 600 °C.
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