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OH-content dependence of fractoluminescence spectra in silica glass
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The effect of OH content on fractoluminescence spectra in silica glasses was investigated. The spectra
consisted of the 1.9- and 2.7-eV bands. The intensity of the 2.7-eV band was larger in lower OH samples. This
is because the oxygen-deficient cent&DC) can be more easily created on the fracture surface of silica
glasses with lower OH content. Moreover, silica glasses containing little OH have preexisting ODC's, and they
are excited by fracture to emit the 2.7-eV photons. The origin of the preexisting ODC’s and the ODC formation
mechanism at fracture of silica glasses are discu$&#1.63-18206)03937-9

[. INTRODUCTION dominant factors to determine the physical properties, espe-
cially the mechanical flexibility, of silica glasses. Kobayashi
Synthetic silica glass has an excellent optical transparet al* reported that Young’s modulus was smaller in higher
ency, and is used as a material for optical fibers in telecomOH silica glasses, that is, the network of the Si-O-Si bonds
munication, and optical components for excimer laser in ulwas more flexible in higher OH silicas. Kuzlstudied the
tra large scale integratiofULSI) processes. However, OH-content dependence of the excimer-laser-induced ab-

various defect centers are induced by the irradiation of U\sorption in type-Ill fused silicas. He reported that the laser-
laser'~® x ray8-1%and y ray>*!"1These defects degrade induced 5.8-eV absorption band was larger in lower OH

the optical transparency of the silica glass, and many worksilica glasses, and explained the result with the mechanical
have been done to clarify the defect formation processes arfteXibility of the Si-O network.
to reduce the number of the induced defects. In this paper, we investigate fractoluminescence spectra in
Mechanical stimulus also creates defects in s|||caSI|Ica glasses with different OH contents, and discuss the
glasst®~*° Hibino and Hanafusa®reported the defect for- formation and excitation process of the ODC. Especially, the
mation in silica glasses by fiber drawing. On the dynamicagffect of the hydroxyl groups on the cleavage of the Si-O-Si
processes of mechanical interaction, emission of electron§onds is explained.
ions, neutral particles, and photons is caused, and such a
phenomenon is called fractoemissidn?® Fractoemission is Il EXPERIMENTAL PROCEDURE
closely related with the dynamical processes on the fracture '
surface or the damaged surface of silica glass. We have stud- Experiments were carried out on three kinds of commer-
ied photon emission at fracture of silica glass, and named theially available silica glasses, ES, ED-A, and ED-B, trade-
emission as fractoluminescere. marks of Nippon Silica Glass Co. Ltd. Samples ES were
In a previous paper we reported time-resolved fractolu- synthesized directly by flame hydrolysis of SjClSamples
minescence spectra in silica glass. Two emission bands wefeD-A and ED-B were manufactured by the vapor-phase
observed in the spectra: the 1.9- and 2.7-eV bands. The eaxial deposition(VAD) method®* According to the manu-
ergy position and the time response of the two bands weréacturer’'s analysis using infraredR) spectra, ED-B con-
similar to those of photoluminescence in silica gl#s€°0On  tained almost no hydroxyl groups, i.es,1 ppm which was
the photoluminescence spectra in silica glass, the 1.9-ethe detecting limit, while ED-A and ES contained about 70
band is assigned to be related to the relaxation of some oxy+000 ppm. The properties of ES are almost the same as those
gen excess center, and one of the reliable candidates is tloé Spectrosil, trademark of Thermal Syndicate Ltd., which
nonbridging oxygen hole cent¢éNBOHC),*?®~*Cwhile the ~ were used in a previous papgerOptical absorption spectra
2.7-eV band is assigned to the relaxation luminescence of thef the samples were measured using a Hitachi U-3000 spec-
oxygen deficient centefODC).*63132NBOHC can be cre- trophotometer. Photoluminescence spectra were measured
ated by the scission of the Si-O-Si bond. On the other handyith the irradiation of the KrF line of an excimer lasé&
ODC can be created by the surface rearrangement of tHdPB Technology PSX-100
neighboring twoE’ centers created by the breaking of the The experimental apparatus was the same as that in a
Si-O bonds, or by the direct ejection of the oxygen atomprevious papef> Samples of X 10x25 mm® were frac-
Thus we assigned the 1.9- and 2.7-eV bands of fractolumitured by the three-point-bending method in a vacuum cham-
nescence in silica glass to be due to the relaxation ober at 1.3<10 ° Pa at room temperature. Fractolumines-
NBOHC and ODC created and excited on the fracture sureence spectra were measured with an optical multichannel
face. analyzer attached to a spectrometer. The spectra were not
It is well known that the contents of preexisting defectcorrected for the spectral sensitivity of the detecting system.
centers are strongly affected by the production conditions, Time response of the fractoluminescence intensity was
and the preexistence of the ODC depends on the OH contenteasured using a photomultiplier and a photon counter, and
in silica glasse$.Moreover, the OH content is one of the the gate time was set to 1@s. It is expected that there are
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FIG. 1. Optical absorption spectra in silica glasses with different FIG. 2. Fractoluminescence spectra in silica glasses with differ-
OH contents{(a) 1000 ppm,(b) 70 ppm, andc) =1 ppm. ent OH contents(a) 1000 ppm,(b) 70 ppm, andc) <1 ppm.

two emission bands in the fractoluminescence spectra: thEhown in Fig. 3. The solid line is a result of curve fitting with

1'9.' and 2.7-eV bands. .TO separate the energy range of t th exponential function. A slow component was mixed in the
emitted photons in the time response measurement, an opf{i-

cal sharp-cut filter was inserted just in front of the photomul- ail of the exponential decaying component in the 1.9-eV
tiplier; the first filter(Sigma Koki SCF-56Pptransmitted pho- band, and a fast decaying component was observed before

tons of hv<2.2 eV, and the other onéAsahi Spectra the slow exponential decay in the 2.7-eV band. These should

; . be a contribution of the stray light from the other emission
TAX304A) transmitted photons in the energy range of 24-hand and they are too Wealz fogr detailed analysis. Thus we
3.2eV.

focus on the main exponential component in each decay
curve. The decay time of the main exponential decaying
IIl. RESULTS AND DISCUSSION component was about 3% ws for the 1.9-eV band, and

Figure 1 shows optical absorption spectra in silica glasses.
ES and ED-A have no absorption peak in the region of 1.8—
6.0 eV, while a large peak was observed at 5.0 eV in ED-B.

Two kinds of 5.0-eV absorption bands are known in silica £ 100} (a) 1.9 eV band
glasses: thd,a andB,A bands! Tohmonet al®! reported 8
that the peak energy and full width at half maximum 2
(FWHM) of the B,a band were 5.02 and 0.35 eV, while £ 101}
=4

those of theB,B band were 5.15 and 0.48 eV. In our result,
the peak energy and the FWHM of the absorption band in
ED-B were 5.01 and 0.31 eV. These values are in good 100
agreement with those of thB,« band. Moreover, by the
irradiation of the 5.0 eV band in ED-B with the KrF line of
the excimer laser, the 2.7- and 4.4-eV emission bands were
observed which were related to the relaxation of Bygy
band. Thus we can say that the 5.0-eV absorption in ED-B is
the B,a band, and is assigned to be due to the ground-to-
triplet excitation on ODG? That is, ED-B contains preexist-
ing ODC's created in the manufacturing processes.

Figure 2 shows fractoluminescence spectra in silica
glasses with different OH contents. All samples exhibit two 100 , , ,
emission bands around 2.7 and 1.9 eV, the same as in the 0 1 2 3
previous papef’ Time (ms)

To observe the time response of each emission band, total
emission was separated with an optical sharp-cut filter as FIG. 3. Time response of the fractoluminescence in ED@\:
described in the previous section. The result in ED-A is1.9-eV band andb) 2.7-eV band.
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about 161 ms for the 2.7-eV band. The values of decay 15

times were the same in ED-B and ES within the experimen-

tal error. ED-B
In case of photoluminescence in silica glass, decay time

of the 1.9-eV band is reported to be 1& by Nishikawa S

et al?® and 17 s by Kawaguchi and Yamamotb.Decay 107 ED-A

time of the 2.7-eV band is about 10 528 For the 2.7-eV
band, the decay time in fractoluminescence is in good agree-
ment with that in photoluminescence, while the observed de-
cay time of the 1.9-eV band in fractoluminescence is about
twice of that in photoluminescence. In the above experiment,
the gate time of the photon counter was set touEOwhich
was comparable to the observed decay time for the 1.9-eV
band, 35us. Thus the value of 3xs should be affected by ' . . ,
the artifact of the measuring system. With smaller gate time, 0.0 100 101 102 103
scatter o_f the data became too large for data analys_is. I\_/I_ore- OH content (ppm)
over, it is expected that the process of fracture in silica
glgsses will take time _Of t.he qrder of mi_croseconds to tens of FIG. 4. OH content dependence of the intensity ratio between
microseconds, and this time interval will make the observeqhe 2 7. and 1.9-eV band.
decay time longer. Considering these situations, we can say
that the decay time of the 1.9-eV band in fractoluminescence o
corresponds to that in photoluminescence, too. Thus it is On the other hand, ED-B contains little hydroxyl groups
confirmed that the two emission bands in fractoluminescenc@nd impurities. There is no candidate to modify the network
spectra in ES, ED-A, and ED-B are also due to the relaxatiogtructure and relax the strained Si-O-Si bonds. Thus many
of NBOHC and ODC, as is the case in Spectr®sil. Si-O-Si bonds remain strained. Moreover, during the manu-
Next, we compare the intensities of the two bands in thredacturing process, some of the strained Si-O-Si bonds are
kinds of samples shown in Fig. 2. Bearing in mind the scatteunable to support the stress and are broken to create defect
in the data, the intensity of the 1.9-eV band was almost theenters. Defect centers with lonepair electrons, for example
same amongst samples containing different amounts of hyg’ center and NBOHC, will react to form a more stable
droxyl groups. The intensity of the 2.7-eV band, on the otheistructure in the manufacturing process. Some oxygen atoms
hand, was larger in lower OH samples. are dissolved from the Si-O-Si bonds in the dehydration pro-
Reproducibility of the absolute intensity in each emissioncess, resulting in the creation of the-Si - Si structure, i.e.,
band was not so good, because the fracture event on tHeDC. Because ODC is electrically neutral, ODC'’s are more
macroscopic scale was difficult to control. On the other handstable than the defect centers with lonepair electrons, and
the intensity ratio between the two bands is thought to be lessiany ODC’s remain. This is the reason tBea band was
affected by the fluctuation in each fracture event, because thabserved in photoabsorption spectra in ED-B.
change of the absolute intensity will be canceled. To make Gibbs et al® investigated the molecular orbital calcula-
the OH-content dependence of the 2.7-eV band more clearlyion in silica polymorphs, and reported that the energy per
we normalized the integrated intensities of the 2.7-eV bandi-O bond varies only within 0.1 eV by the change of the
with those of the 1.9-eV band, and plotted the intensity ratiodbond angle distribution 1262 Si-O-Si <180°. However,
in three kinds of silica glasses. The result is shown in Fig. 4the stability of the total glass network cannot be considered
The value ofl, 7 o\/l1.9 ey Was larger in samples with lower only with the change of the single bond energy. A strain of
OH contents, and this tendency was prominent in ED-Bone bond will influence the structural stability of the glass
which contained few hydroxyl groups. network in a certain area. The resulting increase of the free
We can explain the above result as follows. A unit struc-energy of the glass network in the area can be much larger
ture of a silica glass is Sig) four oxygen atoms compose a than the change of the single bond energy. Thus it should be
tetrahedron with one silicon atom at the center. Becausthat the energy to be accumulated at the instant of bond
silica glass is an amorphous material, unit structures of teteleavage is large enough to accelerate the drastic bond break-
rahedra connect in a disordered way and construct a netwoikg and defect formation.
of Si-O-Si bonds. Due to the randomness of the network, Devine and Arndt'! investigatedy-ray- and excimer-
some of the Si-O-Si bonds should be in the nonideal statdaser-induced defect formation in densified silica glasses.
That is, the bond angle of Si-O-Si is far from the equilibrium They reported that the number of induced defects is much
value, 144°. larger in densified silicas than that in undensified ones,
ES contains a lot of hydroxyl groups, i.e., 1000 ppm,showing that the strained Si-O-Si bonds are more easily bro-
resulting from the manufacturing process, and some of th&en by irradiation.
Si-O-Si bonds are broken and terminated in the form of Kuzuu reported the example of the result showing the
Si-OH. Thus the number of the unstable Si-O-Si bonds igelationship between the OH content of the silicas and the
reduced, the stress accumulated in the glass network is reesistivity against irradiation. He investigated excimer-laser-
laxed, and the flexibility of the glass must increase. In ED-Ainduced absorption spectra in type-lll fused silicas with dif-
with the OH content of about 70 ppm, the number of strainederent OH contents. He reported that the induced 5.8-eV ab-
Si-O-Si bonds will be reduced in the same manner. sorption band was smaller in samples with larger OH
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contents, and was below the detection limit in samples with (ii) Direct ejection of the oxygen atom:
1160 ppm of hydroxyl groups. The 5.8-eV band is assigned

to be due to theE’ center* He modeled two processes for stress
the creation of th&e’ center. =Si-0-S=—=Si-- - S==+0 (interstitia)  (6)
(i) Creation of the Si-H HO-Si structure, a precursor of CcDC.

the E’ center by the reaction of the unstable Si-O-Si bonds

with the hydrogen mqlecules in the manuf_acturing PrOCESS,  As for the 1.9-eV emission band related to the NBOHC's,
followed by the breaking of the Si-H HO-Si structure: the intensity is almost the same in all types of silicas. This
result is not so surprising, since the number of bond breaking

=Si-0-Si=+H,—=Si-H HO-Si=, (1) ; )
procesg4) at the fracture surface is, to first order, the same
hy in all types of silicas.
P : P . On the other hand, more drastic bond breaking is neces-
=Si-H HO-S=—=Si-HO-Si=+H S .
I = £ cl:enter = 2 sary to break both the Si-O-Si bonds and create ODC by the

processeg5) and (6). In samples with lower OH content,
many Si-O-Si bonds are strained and rigid, and both of the
Si-O-Si bonds will be broken more easily by applying the

hv stress. Therefore, more ODC's will be created and excited in
=Sj-0-Si=—=Si. + - O-Si= (3) the fracture process and the intensity of the 2.7-eV emission
band will become larger in lower OH silica glasses.

Moreover, ED-B contains preexisting ODC's created in
Kuzuu explained the result of the laser-induced 5.8-eV abthe manufacturing process while ED-A and ES do not, as
sorption band in relation to the flexibility of the Si-O-Si described above. The preexisting ODC’s in ED-B will be
bonding network. Because the network of the Si-O-Si bondgso excited during fracture, and emit photons of 2.7 eV.
is more flexible and stable in higher OH samples, the formaThijs emission should work to enhance the 2.7-eV band in
tion of the precursor by the proceép will be suppressed, fractoluminescence spectra.
and theE’ center formation will also be reduced. Moreover,
the direct bond breaking by the proce8s will be also sup-
pressed in higher OH samples.

In our assignment on the fractoluminescence spectra in \We have investigated fractoluminescence spectra in silica
silica glass, the 1.9- and 2.7-eV bands are due to relaxatioglasses with different OH contents. All samples had two
of NBOHC and ODC created and excited on the fractureemission bands at 1.9 and 2.7 eV in the spectra. The intensity
surface. NBOHC will be created by breaking one of the Si-of the 2.7-eV band was larger in lower OH silicas, while that

(i) Breaking of the Si-O-Si bonds directly:

E’ center.

IV. CONCLUSION

O-Si bonds as follows: of the 1.9-eV band was almost the same in all types of sili-
cas. The difference of the intensity of the 2.7-eV band comes

. stess _ from the different number of ODC’s, partly due to the pre-
=Si-0-S&=—=Si- +-0-S= (4 existing ones, and partly due to what are created at fracture.

NBOHC. That is, silica glasses with littte OH contain preexisting

In the creation of ODC, both of the Si-O-Si bonds on the ODC's created in the manufacturing processes. Moreover, in

- ; lower OH silicas, due to the lack of the hydroxyl groups,
oxygen atom must be broken in the following ways. many Si-O-Si bonds in the glass network are strained, and

(i) Successive breaking of Si-O bonds and surface recor{;’n tic bond breaki | d tes ODC’
struction of the neighboring twi’ centers: rastic bond breaking occurs more easily and creates S.
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