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UV irradiation-induced defect study of GeO2-SiO2 glasses by Raman spectroscopy
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Microstructural changes of two GeO2-SiO2 glass compositions~with 5 and 13 mol % GeO2! irradiated with
5 and 6.4 eV light have been investigated by Raman spectroscopy. The low-frequency ‘‘Boson’’ bands at
50 cm21 of both samples shift upward upon irradiation, but their intensities have opposite changes. It indicates
that thermal damage of the surface by energetic UV photons is correlated with the Ge content of the glass. The
intensities of both defect linesD1 andD2 increase with respect tov1 andv3 , and thev1 andv3 bands shift
to higher frequencies which means a reduction of the Si-O-Si bond angle upon irradiation. This may be due to
the change in ring statistics in favor of smaller rings, that is, sixfold rings transform to threefold and fourfold
rings upon UV irradiation. The opposite changes in intensity ofv1 andv3 bands result from the variation of
the network structure. UV photoinduced bond breaking allows structural relaxation of the nonequilibrium glass
network that leads to photoinduced Raman changes and the photoinduced index changes in photosensitive
glasses.@S0163-1829~97!01130-2#
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I. INTRODUCTION

Photosensitivity of germanosilicate glasses became a
ject of considerable interest1–5 since Hill et al. discovered
the phase grating in GeO2-doped silica optical fibers photo
induced internally using blue-green light and then Me
et al. discovered the possibility of side writing the gratin
using UV light. It has opened up the potential of a wi
variety of linear and nonlinear optical devices with ma
applications in communication and sensing technology.
spite the extensive efforts dedicated to explain the gro
dynamics of these gratings,5–8 the microscopic origin of the
photorefractivity is not completely understood. Two differe
mechanisms are usually invoked to account for photoindu
changes in the refractive index. The so-called ‘‘color-cen
model’’ explains index change by the creation of point d
fects under UV irradiation that modify electron
polarizability.9 The second model explains change in the
fractive index by assuming modifications of the microstru
ture of the material under UV irradiation.10 Effects of UV
exposure in germanosilicate optical fiber and glass w
studied by optical absorption spectroscopy,11 electron spin-
resonance spectroscopy,12 transmission electron microscop
~TEM!, and infrared spectroscopy.13 Raman spectroscop
560163-1829/97/56~6!/3066~6!/$10.00
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has not been used to research this effect up to now.
investigation of the UV-induced microstructural change
GeO2-SiO2 glass by Raman-scattering spectroscopy is p
sented in this work.

II. EXPERIMENT

Two kinds of samples were employed in the experime
5% mol. GeO2-95% mol. SiO2 and 13% mol. GeO2-87%
mol. SiO2. These samples were prepared by a modifi
chemical vapor-deposition~MCVD! process using vapo
mixtures of GeCl4 and SiCl4. In this process a porous pre
form of GeO2-SiO2 glass is prepared by depositing th
‘‘Soot’’ reaction products ~from hydrolysis oxidation of
GeCl4-SiCl4 vapor mixtures by a hydrogen-oxygen flam!
onto the inside wall of a bait quartz tube rotating in air. Th
porous preform is then sintered to a high-quality bubble-f
glass rod at 1500 °C. The glass composition is controlled
varying the SiCl4 and GeCl4 vapor flows. The GeO2 content
was determined by x-ray energy dispersion techniques
well as deflection rate measurements. This rod was cut
rectangle slabs about 63232 mm.

The ArF ~193 nm! and KrF~248 nm! excimer lasers were
used for irradiation at room temperature. Their photon en
3066 © 1997 The American Physical Society
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gies are 6.4 and 5.0 eV, respectively. The excimer las
were operated at 20 Hz with a;20 ns pulse width. Their
output beams had a 6 mm height, a 2 mm width, and
500 mJ/cm2 pulse intensity. Each kind of glass sample
subjected to different kinds of irradiation. Duration of exp
sure is 5 min. for all.

Room-temperature Raman-scattering spectroscopy
used to ascertain the structural changes of the glass sam
Raman spectra were obtained from a SPEX-1403 Ra
spectrometer and data acquisition was controlled by a SP
datamater computer. Sample excitation was achieved u
the 514.5 nm line of an argon-ion laser with 200-mW pow
Scattering radiation was collected at 90° to the excitat
beam.14

III. RESULTS AND DISCUSSIONS

After irradiation, the samples had a distinctive surfa
deep gray color resulting from a local densification of t
UV-irradiated glass and the formation of color centers. Mo
recently, Bragg grating similar to ours written in the sam
material has been investigated by TEM. Surface level mo
lation associated with the grating shows that densifica
has been induced by UV irradiation.13 Thus, there is now a
large body of compelling evidence that demonstrates
inscription of Bragg grating in germanosilicate glasses
duces glass compaction.

The representative Stokes-scattered Raman spectr
unirradiated sample~a!, sample irradiated with a 5.0-eV pho
ton energy~b!, and sample irradiated with a 6.4-eV photo
~c! are shown in Figs. 1 and 2, as measured. The spectra
been shifted vertically to facilitate comparison. The ma
Raman spectral features exhibited in pure SiO2 and pure
GeO2 glasses can be seen in the figure for comparison.

In all samples, features of the pure silica spectrum are
evident, including a shoulder at approximately 490-cm21

reminiscent of theD1 silica band and a sharp line a
602 cm21 corresponding to theD2 band.D1 and D2 ‘‘de-
fect’’ lines have been interpreted by Galeener to corresp

FIG. 1. Stokes-scattered Raman spectra observed in 5%
germania samples:~a! unirradiated sample,~b! sample irradiated
with a 5.0-eV photon,~c! sample irradiated with a 6.4-eV photon
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to the symmetric stretch~SS! vibration of oxygen in a regu-
lar ~possibly puckered! tetrasiloxane and trisiloxane rin
structure.15,16 The dominant~Raman-active! ring mode fre-
quencies decrease with increasing ring order. The bands
decreased in intensity and broadened when compared
those of a purev-SiO2 Raman spectrum.17 The broad fea-
tures are labeledv1 , v3 , v4(TO), andv4(LO) for reasons
discussed in Ref. 18. They have been identified with vib
tions of the glass network as described by a nearest-neig
central-force dynamic theory. Compared with those of a p
v-SiO2 Raman spectrum, these features are broadened
cause the Si-O-Si bond angles in that network are wid
distributed.

Because there is a greater population of thermally ex
low-energy phonons at room temperature,19 the 50-cm21

band (vT) has been assigned to the ‘‘Boson’’ band. And t
Raman spectra are enhanced at the low-frequency region
tween 432 and 50 cm21 compared with the predictions o
microscopic models for structural and vibrational respons

Following UV irradiation, strong changes in the Ram
spectrum were measured. Figure 1 indicates that the l
frequency ‘‘Boson’’ band at 50 cm21 shifts upward to
65 cm21 after 6.4 eV photon irradiation. When photon e
ergy increases a pronounced change is observed of the s
and intensity in the broad continuous region between 4
and 50 cm21. These are caused by thermal damage of
surface by energetic UV photons. UV-induced surface da
age causes an increase in Rayleigh scattering near the e
ing line that intensifies as a function of photon energy. T
photoinduced processing with UV light generally takes pla
under the extreme conditions of a high-energy UV la
pulse. During each pulse, the new network developed fr
the previous pulse is shaken up and then frozen. It follo
that such a network will evolve, if possible, to a sta
that attempts to minimize the buildup of stress during
pulse. UV light would break wrong bonds first induces r
laxation of the internal stresses introduced during proces
of the fiber or the preform. Then, the glass would evo
towards a more stable, denser state and would finally lea

ol FIG. 2. Stokes-scattered Raman spectra observed in 13%
germania samples:~a! unirradiated sample,~b! sample irradiated
with a 5.0-eV photon,~c! sample irradiated with a 6.4-eV photon
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a glass network with a medium-order similar to that ofa
quartz, the stable crystalline form of silica at roo
temperature.10

Figure 2 shows the Stokes-scattered Raman spectra
served in 13% mol germania samples:~a! unirradiated
sample, ~b! sample irradiated with a 5.0-eV photon,~c!
sample irradiated with a 6.4-eV photon. The low-frequen
‘‘Boson’’ scattering band at 45 cm21 shifts upward to
68 cm21 at a 6.4-eV photon. The change of shape and int
sity was in contrast to that of Fig. 1. This means that
thermal damage of the surface by energetic UV photon
correlated with the Ge content of the glass.

The raw spectra in Figs. 1 and 2 must be reduced in o
to eliminate extraneous temperature dependencies and
pare most meaningfully the effects of irradiation with diffe
ent UV photon energies on the microstructure
GeO2-SiO2 glasses.

The reduced Raman spectra are calculated from the d
spectraI P(vL ,vS) viz. Figs. 1 and 2 according to19

I red
P ~v![I P~vL ,vS!~vL2v!24v@n~v!11#21, ~1!

wherevL is the frequency of the incident~laser! light, and
vS[vL2v is the frequency of the scattered light. Thus,v
is the phonon frequency while2v is the Raman shift for the
Stokes spectrum~creation of a phonon, as in Figs. 1 and 2!.
Here

n~v![@exp~\v/kBT!21#21 ~2!

is the Bose-Einstein occupation number for sample temp
ture T. The results of applying these data reduction pro
dures to Figs. 1 and 2 are shown in Figs. 3 and 4.

FIG. 3. Reduced Raman spectra of 5% mol germania samp
~a! unirradiated sample,~b! sample irradiated with a 5.0-eV photon
~c! sample irradiated with a 6.4-eV photon.
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Comparing the Raman spectra of unirradiated 13% m
germania glass@Fig. 4~a!# with that of unirradiated 5% mo
germania glass@Fig. 3~a!# the influence of increased germa
nia content is readily observed. The major peak, previou
centered at 432 cm21 attributed toVs(Si-O-Si) symmetric
stretching mode in the lower germania content glass,
shifted to approximately 436 cm21 and narrowed. This is in
agreement with previous melt pure germania spectrum th
reported to exhibit a narrow band owing to the analogo
Ge-O-Ge symmetric-stretching vibration at approximat
416 cm21.20 With increasing GeO2 content, the intensity of
the D1 line decreases sharply, while that of theD2 line de-
creases. These have been interpreted as a reduction i
stability of the four- and three-membered ring structures w
the substitution of Ge for Si into thev-SiO2 network.21,22

The ;800-cm21 envelope, which is a doublet composed
bands at 797~TO! and ;830~LO! cm21 becomes weaker
broader, and planar. This is just the result of the increas
the Ge content. The decrease of the intensity implies that
concentration of the Si-Ge wrong bonds increase with the
content and the formation of Ge-O-Si bridging bonds.10

Figures 3 and 4 show that that intensities of bothD1 and
D2 defect lines in the glasses of two different Ge conte
increase with respect tov1 andv3 upon irradiation.

The anomalous changes of the sample in Fig. 3~b! are due
to the strong absorption of 248 nm light by the glass. W
note that the planar rings with lowest energyEn ~activation
energy! are first fourfold then threefold. Because the thre
fold ring defects have a higher activation energy18 ~Galeener
estimated a formation energy of 0.16 eV for fourfold plan
ring defects and 0.51 eV for threefold planar ring defec!
and has a smaller volume than the fourfold ring, we c
expect that there will be fewer fourfold ring defects th
threefold rings in the glass. These differences explain the
that there is a sharp increase inD1 line intensity but a rela-
tively small increase in theD2 line intensity.

s: FIG. 4. Reduced Raman spectra of 13% mol germania samp
~a! unirradiated sample,~b! sample irradiated with a 5.0-eV photon
~c! sample irradiated with a 6.4-eV photon.
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TABLE I. Frequencies of the relative maxim of the first-order 5% mol GeO2 glass Raman spectra as a function irradiation photon ene

Ep

~eV!
vT

(cm21)
v1

(cm21)
v3

(cm21)
v4 (TO)
(cm21)

v4 (LO)
(cm21)

D1

(cm21)
D2

(cm21)

0 50 432 800 1060 - 490 602
5.0 55 436 806 1058 - 491 603
6.4 65 438 808 1055 1065 492 604
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Tables I and Tables II show the measured frequencie
Raman spectral features observed in GeO2-SiO2 glasses with
different Ge content as a photon energyEp . The error in all
frequency measurements is estimated to be61.5 cm21.

We make two statements with regard to the defect-l
frequency behavior. First, most of the correlation of theD1
defect line with photon energy may be due to its proximity
the much stronger main linev1 , therefore,Di frequency
may be entirely independent of photon energy. Second,
D1 andD3 frequencies have been found to be independen
Si and Ge atomic masses, as demonstrated by isotopic
stitution experiments. The stability of these frequencies
consistent with their assignment to the SS mode of reg
ring defects.

The intensitiesv1 andv3 have opposite changes: that
5% mol GeO2 glass descends upon irradiation and that
13% mol GeO2 glass ascends. Figures 3 and 4 also show
thev4 band of both glasses shifts to a lower frequency si
but the intensities have opposite changes.

The oxygen-deficient bonds that are adjacent to S
or Ge-O bonds are the weakest bonds in a pure germano
cate glass matrix. This is because the electronegati
of oxygen is larger than that of the Si or Ge atoms.
other words the Si or Ge atoms in these bonds h
their bonding orbital electrons localized towards the Si-O
Ge-O bonds. This means that they are stretched or u
local strain and therefore are relatively weak and easie
break. However, there is another process—that of
breakup of the Ge-Si wrong bond. The Ge-Si wrong bon
are responsible for photosensitivity of MCVD germanosili
glass.

Germania, like silicon, has a moderately stable12 oxi-
dation state, and the suboxide GeO becomes more s
than GeO2 at high temperature. This is of importance
fiber preform fabrication since incorporation of Ge
produced during the high-temperature gas phase oxida
process of the MCVD results in an oxygen-deficient mat
and forms Ge-Si wrong bonds. The mixing of GeO2 and
SiO2 results in a continuous random network structure
TO4 tetrahedral (T5Si, Ge) in the glass. In addition to for
mation of Si-O-Ge bonds there is a considerable degre
Si-Ge wrong bonds.
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The Ge-O and Ge-Si bonds are weaker than Si-O bon
They can be readily broken by low-energy radiation~UV,
x-ray radiation, and low-energy electrons!.

The larger bond length increase between the Ge and
atoms under irradiation follows ionization of the Ge-
wrong bond. The separation of the Ge and Si atoms is
large for immediate rebonding to give the Ge-Si wrong bo
This is a reasonable suggestion because the breaking o
Ge-Si bonds leads to a GeE8 center accompanied by a larg
lattice relaxation, which is expected to stabilize the Ge8
centers by preventing recombination and forming some r
defects and network.

Given the preponderance of Ge-Si bonds over S
bonds, it is not a surprise that germanosilica glass is con
erably more susceptible to radiation damage than pure si

UV light is strongly absorbed by germanosilicate glass
and we can assume that many wrong bonds are broken
reformed, or Si-O-Ge bonds are formed during irradiatio
The UV irradiation process is a competitive one between
increase of the network structure resulting from the form
tion of Si-O-Ge bonds and the decrease of the network st
ture resulting from the breakup of the wrong bonds. T
Ge-Si wrong bond increases with the Ge content. The form
process is dominant, so in the high Ge content glass th
appears the increase in the intensity of network vibratio
modesv1 , v3 , andv4 .

In the lower Ge content glass, there are also two p
cesses. Since the Ge-Si wrong bonds are relatively few
the available population is depleted, the breakup of the n
work structure is dominant, which leads to the decrease
the intensity of network vibrational modesv1 , v3 , and
v4 .

We also see that bothv1 andv3 bonds have shifted to the
higher-frequency sides.

The v i frequencies are predicted to be dependent u
the Si-O-Si bridging bond angleu by a central-force ideal-
ized continuous-random-network~CF-ICRN! theory.18 Their
frequencies are given by the equations

v1
25~a/mO!~11cosu!, ~3!
ton
TABLE II. Frequencies of the relative maxim of the first-order 13% mol GeO2 glass Raman spectra as a function irradiation pho
energy.

Ep

~eV!
vT

(cm21)
v1

(cm21)
v3

(cm21)
v4 (TO)
(cm21)

v4 (LO)
(cm21)

D1

(cm21)
D2

(cm21)

0 45 436 800 1054 1070 490 604
5.0 50 440 806 1050 1068 490 604
6.4 68 444 810 1048 1065 492 604
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TABLE III. Total change in the bridging oxygen bond angleu predicted by Eqs.~3!–~6! for UV irradiated
SiO2-GeO2 glasses.

Network
feature

UV irradiated of 5% mol Ge glass
~unirradiated vs 193 nm!

UV irradiated of 13% mol Ge glass
~unirradiated vs 193 nm!

Dv total ~cm21! Du ~deg! Dv total ~cm21! Dv ~deg!

v1 6 20.69 8 20.93
v3 8 20.91 10 22.1
v4(TO, LO) 25 21.4 26 21.7
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v3
25~a/mO!~11cosu!1~4a/3mSi!, ~4!

v4
25~a/mO!~12cosu!1~4a/3mSi!. ~5!

Here,v i are the angular frequencies~in rad/sec! while mO is
the mass of the oxygen atom;mSi is the mass of the silicon
a is the Si-O bond-stretching force constant.~All other force
constants are assumed to be zero.! For small changes inu,
we can relateDu to Dv i by differentiating Eqs.~3!–~5! to
obtain

Dv i56~a/m0!sinuDu/2v i , ~6!

where the sign is negative fori 51 and 3, and positive for
i 54. Equations~3!–~6! elucidate the changes inv i with
photon energy, in particular the opposite sign of thev1,3 and
v4 shifts. Densification of the network with increasing ph
ton energyEp would reduce the average value ofu, and
thereforeDu in Eq. ~6! must be negative andDv i is positive
for v1 and v3 and negative forv4 . Here, we use
a5535 N/m andu5130°.18

Table III shows the result of applying these equations
the total frequency shifts observed between unirradiated
193-nm irradiated materials for two different Ge conte
glasses.

It has been suggested that the asymmetry in the 437-c21

band may be due to the presence of high-memberedn
.4) rings of SiO4 tetrahedra in the glass.23 In fact, a
molecular-dynamics simulation of Rinoet al.24 indicates that
SiO4 tetrahedra organize inn-fold rings with 3<n<10, n
56 being the most frequent value in both amorphous
molten silica. Galeener concluded that whenever ann-fold
ring is formed in a glass, it attempts to minimize its ener
of the glass by relaxing its Si-O-Si bond angles towards
lowest energy~or most probable! value^u&.15 So, both inten-
sities of theDi defect lines increase relative to that of ne
work modev1 and the reduction of the Si-O-Si bond ang
~u! upon irradiation may be due to the change in ring sta
tics in favor of smaller rings, that is, six-fold rings transfor
to three-fold and four-fold rings upon UV irradiation.

IV. CONCLUSIONS

In summary, we have investigated the changes in Ram
spectrum as a function of UV irradiation photon energy a
related them to microstructure modification of th
GeO2-SiO2 network. UV-induced surface damage causes
increase in Rayleigh scattering near the exciting line t
o
nd
t
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d

y
e
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intensifies as a function of photon energy. For different
content glass we have observed different changes in the
tensity and the frequency of various modes. First,
intensities of bothD1 and D2 defect lines in the glasses o
different Ge content increase with respect tov1 and v3
upon irradiation. Second, for all irradiated glasses, we
served the blue-shifts in frequencies of the host-netw
vibration modesv1 andv3 , but smaller or no change in th
frequencies of the two defect modes. The shifts of
network mode frequencies are related to the reduction in
T-O-T ~T5Si, Ge! bridge bond angleu for irradiated
glasses, by the central-force idealized continuous-rand
network ~CF-ICRN! theory, suggesting the change
ring statistics in favor of smaller rings, viz., six-fold ring
transform to three-fold and four-fold rings upon UV irradi
tion.

The intensities of thev1 and v3 bands have opposite
changes: that of 5% mol GeO2 glass descends upon irradia
tion and that of 13% mol GeO2 glass ascends. Thev4 band
of both glasses has shifted to the lower-frequency side,
the intensities have opposite changes. So, the Ge con
may affect a lot for the optical fiber writing of photosensitiv
materials. This means that the UV irradiation process i
competitive process between the increase of the netw
structure from the formation of Si-O-Ge bonds and the
crease of the network structure from the breakup of
wrong bonds.

In germanosilica fibers, the photoinduced process is t
gered by breaking of Ge-Si wrong bonds introduced dur
the MCVD process.

Although the exact nature of the above Raman feature
unclear, it is confirmatively attributed to the changes of d
fects. From this point, the microscopic origin of the phot
sensitivity in irradiated germanosilicate fibers can be und
stood as a structural modification of the glass un
irradiation due to the formation of some permanent def
states.
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