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Physical Disorder and Optical Properties in the Vacuum Ultraviolet Region of Amorphous SiO2
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The optical absorption of point-defect-free SiO2 glass in the vacuum ultraviolet region is primarily con-
trolled by the concentrations of three- and four-membered ring structures composed of heavily strained
Si-O-Si bonds. The main channel of color center formation by F2 excimer laser (7.9 eV) irradiation is
not Frenkel-defect generation of oxygen via two-photon absorption processes but a pair generation of E0

and nonbridging oxygen hole centers by the one-photon excitation of these strained bonds with 7.9 eV
photons.
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Amorphous �a-�SiO2, a key material in optical fibers,
metal-oxide semiconductors, and other optical elements
[1,2], contains two types of structural disorder. One is a
point defect defined as chemical disorder in perfect SiO2
glass, which is visualized as a continuous network struc-
ture of SiO4 tetrahedra joined by corner sharing [2,3].
Thus, point defects include oxygen or silicon vacancies
and their interstitials, homobonds, or over- or undercoor-
dinated silicons or oxygens. The second defect is physi-
cal disorder, which results from a wide distribution of
Si-O-Si bond angle (peak � �145±, full width at half
maximum � �40±) and the size of �Si-O�n ring structure
(dominant n � �5 7), characterizing a-SiO2 as a poly-
morph of SiO2 [3]. Although numerous studies have re-
vealed the role of chemical disorder in optical absorption
and radiation sensitivity [1,2,4], the effects of the physi-
cal disorder, intrinsic to the amorphous state, on the opti-
cal properties of the glass have not been clarified to date.
Recently, the leading edge of optical lithography in semi-
conductor technologies is shifting from ArF (193 nm or
6.3 eV) to F2 (157 nm or 7.9 eV) excimer laser [5]. Al-
though a-SiO2 is a promising optical material for F2 laser
optics, improvements of optical transparency and radiation
toughness to F2 laser pulses are strongly required. It is cru-
cial for the understanding of physical disorder in a-SiO2
as well as overcoming the current material issue to clarify
the primary factor controlling optical transparency in vac-
uum ultraviolet (VUV) and radiation sensitivity to F2 laser
light. Here we report that physical disorder of the network
structure controls both VUV absorption edge and defect
formation by F2 excimer laser irradiation. The VUV ab-
sorption edge shifts to a longer wavelength with increased
concentrations of strained Si-O-Si bonds such as small ring
structures; the direct dissociation of these strained bonds is
the main defect formation channel for F2 laser irradiation.

Selection of samples is critical for the present purpose;
chemical disorder must be suppressed to clarify the effects
of physical disorder. It is essential to reduce the number of
Si-Si bonds [6] and SiOH groups [7], which give intense
absorption bands peaking at 7.6 eV and .7.4 eV, respec-
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tively. In addition, the concentration of H2 molecules em-
bedded in the samples must be low to avoid the restoration
of induced defects via chemical reactions with H2 [8,9].
Synthetic SiO2 glasses, prepared by vapor phase axial de-
position, were used. The SiOH concentration in this glass
is �1 3 1018 cm23; the H2 concentration is below the
detection level (�1016 cm23) as demonstrated by Raman
spectroscopy [10]. No absorption band was resolved in
the VUV region. A glass plate (12 3 16 3 6 mm thick)
was heated at �900 1400 ±C in an ambient atmosphere to
impart the specimen to a fictive temperature (Tf), a value
representing the degree of physical disorder of Si-O-Si net-
work. The durations of heating necessary to attain the
thermal equilibrium [11] were 120 h at 900 ±C, 30 h at
1100 ±C, 1 h at 1200 ±C, or 0.1 h at 1400 ±C. After heating
at the desired temperature, the glass plate was dropped into
water to minimize structural relaxation during the cooling
process. The annealing temperature is hereafter referred to
as Tf , based on the assumption that the structure of a-SiO2
at an annealing temperature of �900 1400 ±C is frozen
by this quenching method. The resulting plates were then
ground to a 10 3 14 3 4 mm3 plate to eliminate surface
contamination and polished to optical grade.

Specimens were irradiated at an ambient temperature
by an F2 excimer laser (Lambda Physik, LPX 240) in a
stainless-steel chamber. The chamber was continuously
purged with dry nitrogen to remove VUV-absorbing
oxygen gas (residual O2 concentration of �50 ppm). The
power density at the sample position and the repetition
frequency of the F2 laser were �2.5 mJ�cm2�pulse and
200 Hz, respectively, and the pulse duration was �10 ns.
The measurements of VUV and UV absorption spectra
were performed at an ambient temperature with a VUV
spectrometer (JASCO, VUV-201) and a conventional
spectrophotometer. Raman spectra were measured with
a Fourier-transform Raman spectrometer (Nicolet, ESP-
960), utilizing an Nd:YAG laser as the excitation source.
Electron paramagnetic resonance (EPR) spectra were
measured at 300 or 77 K using a Bruker model E-580.
The error of spin concentrations, due to integration of the
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FIG. 1. VUV absorption spectra of SiO2 glasses with different
Tf . Numbers in the figure denote Tf . The inset details the
Raman spectra of specimens with either Tf � 1400 or 900 ±C
together with their difference spectrum.

first derivative spectrum, was 65% for E0 center (———Si?,
where — denotes an oxygen bond) [12] or 620% for
NBOHC (?O-Si———) [12].

VUV absorption spectra of samples with different Tf

reveal that the absorption edge [13] shifts continuously to-
ward the low energy side with increasing Tf (Fig. 1) [12].
First, it is necessary to consider the primary factor de-
termining the VUV-absorption edge in defect-free SiO2

glasses. Although SiOH groups in SiO2 glass gives ab-
sorption .7.4 eV, we could not observe a correlation be-
tween the amount of residual SiOH and the F2 absorption
edge shift (the residual OH content was reduced by sev-
eral percent after heat treatment). In the Raman spectra of
samples with different Tf (inset, Fig. 1), two sharp bands,
the D1 (495 cm21) and D2 (606 cm21) bands, resulting
from the symmetric breathing modes of four-membered

FIG. 2. The correlation between the absorption coefficient at
155 nm (8 eV) and the intensity of either the D1 or D2 band in
the Raman spectra of SiO2 glasses with different Tf . The error
in Di is �610%.
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(D1) and three-membered (D2) ring structures in SiO2

glasses [14,15] are seen. The intensities of these bands,
relative to the main band at �450 cm21, were enhanced
with increasing Tf . For example, the D1- and D2-band in-
tensities increase �1.3 and �1.6 times, respectively, with
increasing Tf from 900 to 1400 ±C. The absorption coef-
ficients at 8.0 eV, a measure of the VUV absorption edge,
correlate clearly with the intensity of the D1 or D2 bands
(Fig. 2). These two small (three and four) rings have
a planar structure composed of Si-O-Si bond angles of
130.5± for the three-membered ring or 160.5± for the four-
membered ring [14]. As the most stable and populated
bond angle is �145± in the six- to seven-membered rings

FIG. 3. Defect formation in SiO2 glasses with different Tf
upon irradiation with F2 excimer laser pulses. (a) UV ab-
sorption induced by irradiation with F2 laser pulses at room
temperature. Irradiation conditions; 2.5 mJ�cm2 3 �8.4 3 106�
pulses at a repetition of 200 Hz (� 2.1 3 104 J�cm2). The in-
set describes the EPR signals (NBOHC 1 E0 center 1 trace of
POR) induced by F2 irradiation. The spectra were measured at
77 K. Each optical absorption spectrum was deconvoluted into
three-Gaussian components with peaks at 4.8, 5.8, and 6.8 eV.
An arrow denotes the 1.9 eV band resulting from NBOHC.
(b) Intensities of the 5.8 eV bands (E0 center) and the 4.8 eV
bands (NBOHC) plotted against the accumulation fluence of the
F2 laser for SiO2 glasses with Tf � 1400 and 900 ±C. The
curves correspond to fits according to Eq. (1). The inset de-
tails the relationship between F2 laser power density and the
intensities of induced optical bands due to E0 center (5.8 eV) or
NBOHC (4.8 eV). The slope was �0.9 as evaluated by a least
squares fit.
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of a-SiO2 and a-quartz [16], Si-O-Si bonds in these small
ring structures are heavily strained. Thus, it may be con-
sidered that the VUV absorption edge of point defect-free,
bulk a-SiO2 is controlled by the concentration of strained
Si-O-Si bonds.

Next, we examine the relation between concentration
of strained bonds and defect formation by F2 excimer
laser irradiation. Following optical absorption in samples
with different Tf (900 or 1400 ±C) irradiated with F2 laser
pulses, the intensity of induced absorption increases with
increasing Tf (Fig. 3a). The intensity of induced absorp-
tion in a specimen with Tf � 1400 ±C is larger by a factor
of �1.5 than that of a sample with Tf � 900 ±C. This
value, �1.5, is close to the intensity ratio of Di �Tf �
1400 ±C��Di �Tf � 900 ±C�, where i � 1 or 2. The in-
duced spectral shape, however, remains unchanged, with
a weak absorption attributed to NBOHC at 1.9 eV and a
broad UV-VUV absorption, deconvoluted into three com-
ponents attributed to NBOHC (4.8 and 6.4 eV) and E0

center (5.8 eV) (Fig. 3a). Irradiation with millions of F2
laser pulses (inset, Fig. 3a) primarily induces the EPR sig-
nals of E0 centers and NBOHCs; the participation of per-
oxy radicals (PORs, ?O-O-Si———) [12] is minor (�1�20
of NBOHC). This situation does not change upon post-
irradiation annealing [17]. The concentration of E0 cen-
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ters is similar to that of NBOHC at each F2 laser fluence.
The intensities of the 4.8 eV band and the 5.8 eV band
increase with increasing pulse number both in specimens
with Tf � 900 ±C and 1400 ±C to a saturation level which
depends on the specimen Tf (Fig. 3b). The data fit a first
order kinetic reaction as described in Eq. (1):

Da�n� � Da�`� �1 2 exp�kn�� , (1)

where Da is the absorption coefficient of an induced op-
tical band, n is the number of irradiated F2 laser pulses,
and k is the reaction rate constant. Although the value of
k is independent of Tf , Da5.8 eV�`� and Da4.8 eV�`� for a
specimen with Tf � 1400 ±C are larger than those for a
sample with Tf � 900 ±C by a factor of �1.6. The con-
centrations of induced E0 and NBOHC, shown as a func-
tion of F2 laser power density (inset, Fig. 3b), are very
similar. Both quantities are simply proportional to the laser
power density, indicating that E0-NBOHC formation pro-
ceeds via one-photon absorption processes.

Defect formation resulting from F2 laser irradiation is
discussed in the context of strain bonds. The main defect
species created by F2 laser irradiation are comparable con-
centrations of NBOHC and E0 center. This mechanism dif-
fers strikingly from the Frenkel-type mechanism expressed
in Eq. (2).
———Si—O—Si———�unstrained� band-to-band excitation
! ———Si—Si——— 1 Oint�POR and O2� . (2)
The Frenkel-type mechanism was proved by Tsai and
Griscom [18], while studying defect formation induced
by electronic excitation via band-to-band excitation in
specimens irradiated with ArF excimer laser pulses, and
by Hosono et al. [19], while examining SiO2 glasses
bombarded with 10 MeV H1 ions. The primary defect
species in Eq. (2) are oxygen vacancies (such as Si-Si
bonds) and oxygen interstitials (PORs or O2 molecules).
This is not, however, the major channel for F2 laser
irradiation as neither PORs (nor O2) nor ———Si-Si——— were
detected as primary defects; pairs of E0 and NBOHC
are instead created via a one-photon absorption process.
This finding leads to an idea that these defects are created
from defect precursors, which have an optical absorption
at 7.9 eV. The precursors are likely to be the strained
Si-O-Si bonds; absorption near 7.9 eV is controlled by
the fraction of strained Si-O-Si bonds including three- or
four-membered ring structures. This process is distinctly
distinguished from the recently observed E0 center (and
oxygen vacancy) formation via two-photon absorption
processes by ArF excimer laser irradiation [20]. There-
fore, the primary defect formation mechanism by F2 laser
irradiation may be expressed as

———Si—O—Si———�strained�
hn�7.9 eV�

! ———Si? 1 ?O—Si——— .
(3)

The dependence of the E0-NBOHC defect pair concen-
trations on laser fluence (Figs. 3a and 3b) substantiates
this model; the ratio of the saturated concentration levels
of defect pairs in the specimens is close to the concen-
tration ratio of three- or four-membered ring structures.
Strained Si-O-Si bonds control an optical absorption at
the wavelength of F2 laser light, allowing the mecha-
nism expressed in Eq. (3) to become dominant over the
Frenkel-type mechanism. The quantum efficiency (Q.E.)
of Eq. (3), estimated from the initial stage of the growth
curve (Fig. 3b) using the oscillator strength (0.048) [21] of
the 4.8 eV band of the NBOHC, is �3 3 1024, which is
larger by 2 orders of magnitude than that (�5 3 1026)
[19] of Eq. (2). The release of bond strain energy by
the photon-induced ring opening reaction is considered to
lead to much higher Q.E. for the present mechanism. In
addition, the present mechanism may explain the persis-
tent question [22] why the EPR signal is distinctly observ-
able for pair generation of E0 and NBOHC from a Si-O-Si
bond. If the radical pair is created from the same precursor,
the radical pair must be separated to a distance where the
dipolar broadening effect is negligibly small. The defect
formation via a ring opening process of the three- and
four-membered ring structures upon F2 laser irradiation
leads to a well-separated E0-NBOHC pair.

The significance of the present findings has important
ramifications on the use of F-doped SiO2 glasses [23] in
VUV excimer laser lithography. Shortening of the expo-
sure wavelength, however, imposes severe requirements
upon optical materials. Although amorphous materials are
preferable, SiO2 glasses, exclusively used as optical ma-
terials in KrF (5.0 eV) and ArF (6.4 eV) lithography, are
not currently applicable to F2 laser lithography because of
175501-3
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FIG. 4. A schematic model explaining the relation between
fictive temperature Tf , degree of physical disorder, and defect
creation by F2 laser irradiation in SiO2 glasses. When the Tf is
decreased, the distribution of Si-O-Si bond angle becomes nar-
row and the peak position is slightly shifted to a large angle
side. The bond angle is 130.5± in the three-membered ring or
160.5± for the four-membered ring. Since heavily strained bonds
in these small rings have optical absorption at the wavelength
of F2 laser pulse (7.9 eV), they are converted into a pair of E0

center and NBOHC upon irradiation with F2 laser pulse. If the
separation between the paramagnetic centers is very close, the
ESR signal should be unobservable due to dipolar broadening
[22]. Rupture of the strained bond creates a defect pair separated
at a distance which is enough to observe the ESR signal. Doping
of fluorine, which is incorporated as Si-F bond, leads to lowering
the Tf via reduction of the high temperature viscosity. This ef-
fect is the same as thermal annealing treatment to lower the Tf .

insufficient transparency at 7.9 eV. The present study re-
vealed that the presence of strained Si-O-Si bonds controls
both the VUV transparency and defect formation result-
ing from F2 laser irradiation. Fluorine doping into dry
SiO2 glasses effectively enhances both transmittance at
7.9 eV and radiation toughness for F2 lasers by narrow-
ing the �Si-O-Si distribution [23]. As fluorine is incor-
porated, the formation of Si-F bonds breaks the continuity
of the SiO2 network structure and drastically reduces the
high temperature viscosity [24]. As a consequence, the
Tf in F-doped SiO2 is reduced from that of F-free SiO2,
decreasing the fraction of the three- and four-membered
ring structures (strained bonds) [25]. F doping may, there-
fore, be regarded as chemical annealing, which does not
require a long time to reach a low Tf . This may prove to be
a distinct advantage over conventional thermal annealing.
Figure 4 schematically summarizes the effect of physical
disorder on defect formation by F2 laser irradiation. The
VUV cutoff wavelength of a-quartz is shorter by �15 nm
than that of current F-doped silica in 1-mm-thick samples.
The narrowing of �Si-O-Si distribution will hopefully lead
to novel SiO2 glasses available for use as VUV optical
materials.
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