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UV irradiation-induced defect study of GeO,-SiO, glasses by Raman spectroscopy
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Microstructural changes of two Gg&iO, glass composition&with 5 and 13 mol % Ge¢) irradiated with
5 and 6.4 eV light have been investigated by Raman spectroscopy. The low-frequency “Boson” bands at
50 cmi ! 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 lineB; andD, increase with respect 0, and w3, and thew; and ws 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 intensitwpfand w; 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[S0163-18207)01130-2

[. INTRODUCTION has not been used to research this effect up to now. The
investigation of the UV-induced microstructural change in
Photosensitivity of germanosilicate glasses became a sulise0,-SiO, glass by Raman-scattering spectroscopy is pre-
ject of considerable interésP since Hill et al. discovered sented in this work.
the phase grating in Gecoped silica optical fibers photo-
induced internally using blue-green light and then Meltz
et al. discovered the possibility of side writing the grating Il EXPERIMENT
using UV light. It has opened up the potential of a wide
variety of linear and nonlinear optical devices with many ¢
applications in communication and sensing technology. De

spite the extensive efforts dedicated to explain the growthhamical vapor-depositiofMCVD) process using vapor
dynamics of these gratings® the microscopic origin of the mixtures of GeGJ and SiCl. In this process a porous pre-
photorefractivity is not completely understood. Two differentfgym of GeQ-SiO, glass is prepared by depositing the
mechanisms are usually invoked to account for photoinducedsgot” reaction products (from hydrolysis oxidation of
changes in the refractive index. The so-called “color-centeigeC|,-SiCl, vapor mixtures by a hydrogen-oxygen flame
model” explains index change by the creation of point de-onto the inside wall of a bait quartz tube rotating in air. This
fects under UV irradiation that modify electronic porous preform is then sintered to a high-quality bubble-free
polarizability® The second model explains change in the reglass rod at 1500 °C. The glass composition is controlled by
fractive index by assuming modifications of the microstruc-varying the SiCJ and GeCJ vapor flows. The Ge©content
ture of the material under UV irradiatidfl.Effects of UV was determined by x-ray energy dispersion techniques as
exposure in germanosilicate optical fiber and glass weravell as deflection rate measurements. This rod was cut into
studied by optical absorption spectroscdplectron spin-  rectangle slabs about62x 2 mm.

resonance spectroscoffytransmission electron microscopy ~ The ArF (193 nm and KrF (248 nnj excimer lasers were
(TEM), and infrared spectroscopy.Raman spectroscopy used for irradiation at room temperature. Their photon ener-

Two kinds of samples were employed in the experiment:
% mol. GeG-95% mol. SiIQ and 13% mol. Ge®87%
mol. Si0,. These samples were prepared by a modified

0163-1829/97/5@®)/30666)/$10.00 56 3066 © 1997 The American Physical Society



56 UV IRRADIATION-INDUCED DEFECT STUDY CF ... 3067

v-5i0y ) toro ' 1 '
Wy p,

@

Intensity
Intensity

v-GeOy [ Rl ' '
0 500 1000 1500
Raman shift (cm 1) Raman shift (cm=1)

FIG. 1. Stokes-scattered Raman spectra observed in 5% mol FIG. 2. Stokes-scattered Raman spectra observed in 13% mol
germania samplega) unirradiated sample(b) sample irradiated germania samplega) unirradiated sample(b) sample irradiated
with a 5.0-eV photon(c) sample irradiated with a 6.4-eV photon. with a 5.0-eV photon(c) sample irradiated with a 6.4-eV photon.

gies are 6.4 and 5.0 eV, respectively. The excimer laser® the symmetric stretctSS vibration of oxygen in a regu-
were operated at 20 Hz with & 20 ns pulse width. Their |ar (possibly puckered tetrasiloxane and trisiloxane ring
output beams tha 6 mmheight a 2 mm width, and  structure'®!® The dominant(Raman-activering mode fre-
500 mJ/cr pulse intensity. Each kind of glass sample isquencies decrease with increasing ring order. The bands have
subjected to different kinds of irradiation. Duration of expo- decreased in intensity and broadened when compared with
sure is 5 min. for all. those of a purey-SiO, Raman spectrurl. The broad fea-
Room-temperature Raman-scattering spectroscopy wagres are labeled;, w3, w,(TO), andw,(LO) for reasons
used to ascertain the structural changes of the glass samplefiscussed in Ref. 18. They have been identified with vibra-
Raman spectra were obtained from a SPEX-1403 Ramations of the glass network as described by a nearest-neighbor
spectrometer and data acquisition was controlled by a SPE¥entral-force dynamic theory. Compared with those of a pure
datamater computer. Sample excitation was achieved using SiO, Raman spectrum, these features are broadened be-
the 514.5 nm line of an argon-ion laser with 200-mW power.cause the Si-O-Si bond angles in that network are widely
Scattering radiation was collected at 90° to the excitatiordistributed.
beam'* Because there is a greater population of thermally exited
low-energy phonons at room temperattitehe 50-cm*
Il RESULTS AND DISCUSSIONS band () has been assigned to the “Boson” band. An(_d the
Raman spectra are enhanced at the low-frequency region be-
After irradiation, the samples had a distinctive surfacetween 432 and 50 cit compared with the predictions of
deep gray color resulting from a local densification of themicroscopic models for structural and vibrational response.
UV-irradiated glass and the formation of color centers. More Following UV irradiation, strong changes in the Raman
recently, Bragg grating similar to ours written in the samespectrum were measured. Figure 1 indicates that the low-
material has been investigated by TEM. Surface level modufrequency “Boson” band at 50 cit shifts upward to
lation associated with the grating shows that densificatior85 crmi ! after 6.4 eV photon irradiation. When photon en-
has been induced by UV irradiatidA Thus, there is now a ergy increases a pronounced change is observed of the shape
large body of compelling evidence that demonstrates thaand intensity in the broad continuous region between 432
inscription of Bragg grating in germanosilicate glasses in-and 50 cm?®. These are caused by thermal damage of the
duces glass compaction. surface by energetic UV photons. UV-induced surface dam-
The representative Stokes-scattered Raman spectra afe causes an increase in Rayleigh scattering near the excit-
unirradiated samplé), sample irradiated with a 5.0-eV pho- ing line that intensifies as a function of photon energy. The
ton energy(b), and sample irradiated with a 6.4-eV photon photoinduced processing with UV light generally takes place
(c) are shown in Figs. 1 and 2, as measured. The spectra havuader the extreme conditions of a high-energy UV laser
been shifted vertically to facilitate comparison. The majorpulse. During each pulse, the new network developed from
Raman spectral features exhibited in pure S#EDd pure the previous pulse is shaken up and then frozen. It follows
GeO, glasses can be seen in the figure for comparison.  that such a network will evolve, if possible, to a state
In all samples, features of the pure silica spectrum are stilthat attempts to minimize the buildup of stress during the
evident, including a shoulder at approximately 490-ém pulse. UV light would break wrong bonds first induces re-
reminiscent of theD; silica band and a sharp line at laxation of the internal stresses introduced during processing
602 cm ! corresponding to th®, band.D; andD, “de-  of the fiber or the preform. Then, the glass would evolve
fect” lines have been interpreted by Galeener to correspontbwards a more stable, denser state and would finally lead to
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FIG. 3. Reduced Raman spectra of 5% mol germania samples: FIG. 4. Reduced Raman spectra of 13% mol germania samples:
(@ unirradiated sampleb) sample irradiated with a 5.0-eV photon, (a) unirradiated sampléb) sample irradiated with a 5.0-eV photon,
(c) sample irradiated with a 6.4-eV photon. (c) sample irradiated with a 6.4-eV photon.

a glass network with a medium-order similar to that «of . . :
quartz, the stable crystaline form of silica at room Comparing the Raman spectra of unirradiated 13% mol

temperaturé? germania glas§Fig. 4(a)] with that of unirradiated 5% mol
Figure 2 shows the Stokes-scattered Raman spectra of€rmania glasgFig. 3@] the influence of increased germa-
served in 13% mol germania sample&) unirradiated Nia content is readily observed. The major peak, previously
sample, (b) sample irradiated with a 5.0-eV photorx) centered at 432 cnt attributed toV(Si-O-Si) symmetric
sample irradiated with a 6.4-eV photon. The low-frequencystretching mode in the lower germania content glass, has
“Boson” scattering band at 45cnt shifts upward to shifted to approximately 436 cm and narrowed. This is in
68 cm ! at a 6.4-eV photon. The change of shape and intenagreement with previous melt pure germania spectrum that is
sity was in contrast to that of Fig. 1. This means that thereported to exhibit a narrow band owing to the analogous
thermal damage of the surface by energetic UV photons i§e-O-Ge symmetric-stretching vibration at approximately
correlated with the Ge content of the glass. 416 cn .2% With increasing Ge@content, the intensity of
The raw spectra in Figs. 1 and 2 must be reduced in ordethe D, line decreases sharply, while that of the line de-
to eliminate extraneous temperature dependencies and cogyeases. These have been interpreted as a reduction in the
pare most meaningfully the effects of irradiation with differ- stapility of the four- and three-membered ring structures with
ent UV photon energies on the microstructure ofihe sypstitution of Ge for Si into the-SiO, network?:22

GeOy-SIO, glasses. _ The ~800-cm* envelope, which is a doublet composed of
The reduced Raman spectra are calculated from the diregt, | o o 797(TO) and ~830LO) cm~! becomes weaker
P . . . L
spectral "(w, , wg) viz. Figs. 1 and 2 according 1 broader, and planar. This is just the result of the increase of

the Ge content. The decrease of the intensity implies that the
o - - concentration of the Si-Ge wrong bonds increase with the Ge
lted ©)=1P(0,05) (0o —®) *o[n(w)+1]™", (1)  content and the formation of Ge-O-Si bridging boRds.
Figures 3 and 4 show that that intensities of bbthand
D, defect lines in the glasses of two different Ge contents
wherew_ is the frequency of the incideritase) light, and  jncrease with respect @, and ws upon irradiation.
ws=w_ — o is the frequency of the scattered light. Thus, The anomalous changes of the sample in Fi) &re due
is the phonon frequen_cy while w is the Rar_nan.shift forthe 5 the strong absorption of 248 nm light by the glass. We
Stokes spectrurfcreation of a phonon, as in Figs. 1 and 2 \yte that the planar rings with lowest enerfy (activation
Here energy are first fourfold then threefold. Because the three-
fold ring defects have a higher activation enéfyaleener
estimated a formation energy of 0.16 eV for fourfold planar
n(w)=[expholkgT)—1]"* 2 ring defects and 0.51 eV for threefold planar ring defects
and has a smaller volume than the fourfold ring, we can
expect that there will be fewer fourfold ring defects than
is the Bose-Einstein occupation number for sample temperdhreefold rings in the glass. These differences explain the fact
ture T. The results of applying these data reduction procethat there is a sharp increaseln line intensity but a rela-
dures to Figs. 1 and 2 are shown in Figs. 3 and 4. tively small increase in th®, line intensity.
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TABLE |. Frequencies of the relative maxim of the first-order 5% mol Ggl@ss Raman spectra as a function irradiation photon energy.

E T wq w3 (O] (TO) Wy (LO) Dl D2

p
(eV) (em™) (cm™) (em™) (cm™) (cm™) (em™) (cm™)
0 50 432 800 1060 - 490 602
5.0 55 436 806 1058 - 491 603
6.4 65 438 808 1055 1065 492 604

Tables | and Tables Il show the measured frequencies of The Ge-O and Ge-Si bonds are weaker than Si-O bonds.
Raman spectral features observed in G8@D, glasses with  They can be readily broken by low-energy radiati@s,
different Ge content as a photon eneigy. The error in all  x-ray radiation, and low-energy electrons
frequency measurements is estimated taHie5 cm L. The larger bond length increase between the Ge and Si

We make two statements with regard to the defect-lineatoms under irradiation follows ionization of the Ge-Si
frequency behavior. First, most of the correlation of e wrong bond. The separation of the Ge and Si atoms is too
defect line with photon energy may be due to its proximity to|arge for immediate rebonding to give the Ge-Si wrong bond.
the much stronger main line,, therefore,D; frequency Thjs is a reasonable suggestion because the breaking of the
may be entirely ind_ependent of photon energy. Second, thge.sj ponds leads to a GeEEenter accompanied by a large
D, andD frequencies have been found to be independent Obice relaxation, which is expected to stabilize the GeE

Si and Ge atomic masses, as demonstrated by iSOtopiC SUsiars hy preventing recombination and forming some ring
stitution experiments. The stability of these frequencies IYefects and network

consistent with their assignment to the SS mode of regular
ring defects.
The intensitiesw; and w3 have opposite changes: that of

Given the preponderance of Ge-Si bonds over Si-Si
bonds, it is not a surprise that germanosilica glass is consid-

5% mol GeQ glass descends upon irradiation and that 01Lerably more susceptible to radiation damage than pure silica.

13% mol GeQ glass ascends. Figures 3 and 4 also show that UV light is strongly absorbed by germanosilicate glasses
and we can assume that many wrong bonds are broken and

the w, band of both glasses shifts to a lower frequency side; _ LT T
but?r?e intensities hgve opposite changes a y reformed, or Si-O-Ge bonds are formed during irradiation.
The oxygen-deficient bonds that are .adjacent to Si-OThe UV irradiation process is a competitive one between the

or Ge-O bonds are the weakest bonds in a pure germanosiff—‘crease_ of the network structure resulting from the forma-
cate glass matrix. This is because the electronegativityOn ©f Si-O-Ge bonds and the decrease of the network struc-

of oxygen is larger than that of the Si or Ge atoms. In ure resulting from the breakup of the wrong bonds. The
other words the Si or Ge atoms in these bonds hav&€-Siwrong bond increases with the Ge content. The former

their bonding orbital electrons localized towards the Si-O oProCess Is d(_)minant, SO in the high Ge content g!ass .there
Ge-O bonds. This means that they are stretched or und@PPears the increase in the intensity of network vibrational
local strain and therefore are relatively weak and easier t§0d€Sw1, w3, andw,.

break. However, there is another process—that of the [N the lower Ge content glass, there are also two pro-
breakup of the Ge-Si wrong bond. The Ge-Si wrong bond<€SSes: Since the Ge-Si wrong bonds are relatively few and

are responsible for photosensitivity of MCVD germanosilicath€ available population is depleted, the breakup of the net-
glass. work structure is dominant, which leads to the decrease of

Germania, like silicon, has a moderately stabi@ oxi- e intensity of network vibrational modes;, ws, and

dation state, and the suboxide GeO becomes more stabfés: _

than GeQ at high temperature. This is of importance in Ve also see that boi, andw; bonds have shifted to the
fiber preform fabrication since incorporation of Geo higher-frequency sides. _

produced during the high-temperature gas phase oxidation 1N€ @i frequencies are predicted to be dependent upon
process of the MCVD results in an oxygen-deficient matrixtN€ Si-O-Si bridging bond anglé by a central-force ideal-
and forms Ge-Si wrong bonds. The mixing of Geénd ized cont_muous—rgndom—netwo(@F—.ICRN) theory:.® Their
Si0, results in a continuous random network structure offduencies are given by the equations

TO, tetrahedral T=Si, Ge) in the glass. In addition to for-

mation of Si-O-Ge bonds there is a considerable degree of )
Si-Ge wrong bonds. w1=(a/mg)(1+cos), 3

TABLE Il. Frequencies of the relative maxim of the first-order 13% mol Gglass Raman spectra as a function irradiation photon
energy.

Ep wT wq w3 [OF) (TO) Wy (LO) Dl D2
(eV) (em™) (cm™) (cm™) (cm™) (cm™) (em™) (cm™)
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 lll. Total change in the bridging oxygen bond andgleredicted by Eq9.3)—(6) for UV irradiated

SiO,-GeQ, glasses.

UV irradiated of 5% mol Ge glass

(unirradiated vs 193 nin

UV irradiated of 13% mol Ge glass
(unirradiated vs 193 nin

Network
feature Awgr (CM™Y) A6 (deg Awgr (cM™Y) Aw (deg
w1 6 —0.69 8 —0.93
w3 8 -0.91 10 -21
w4(TO, LO) -5 -1.4 -6 -1.7
w5=(almo)(1+cosh) + (4a/3ms), (4)  intensifies as a function of photon energy. For different Ge
content glass we have observed different changes in the in-
tensity and the frequency of various modes. First, the
w§=(a/mo)(l—c039)+(4a/3m5i). (5) intensities of bottD; and D, defect lines in the glasses of

Here,w,; are the angular frequenciéis rad/se¢ while mg is
the mass of the oxygen atommyg; is the mass of the silicon,
a is the Si-O bond-stretching force constautll other force
constants are assumed to be zeFor small changes i,
we can relateAd to Aw; by differentiating Eqs(3)—(5) to
obtain

Aw;j=*(almy)sindA /2 w;, (6)

where the sign is negative for=1 and 3, and positive for
i=4. Equations(3)—(6) elucidate the changes i®; with
photon energy, in particular the opposite sign of &g and
w4 shifts. Densification of the network with increasing pho-
ton energyE, would reduce the average value 6f and
thereforeAf in Eg. (6) must be negative anfw; is positive
for w; and w; and negative forw,. Here, we use
=535 N/m andg=130°'®

Table Il shows the result of applying these equations ta"
the total frequency shifts observed between unirradiated antP
193-nm irradiated materials for two different Ge content

glasses.
It has been suggested that the asymmetry in the 437:cm

band may be due to the presence of high-membered (

>4) rings of SiQ tetrahedra in the glags.In fact, a
molecular-dynamics simulation of Rire al?* indicates that
SiO, tetrahedra organize in-fold rings with 3=n=<10, n

=6 being the most frequent value in both amorphous an(iij

molten silica. Galeener concluded that wheneveménld

ring is formed in a glass, it attempts to minimize its energy

of the glass by relaxing its Si-O-Si bond angles towards th
lowest energyor most probablevalue(6).!® So, both inten-

sities of theD; defect lines increase relative to that of net-
work modew; and the reduction of the Si-O-Si bond angle

(#) upon irradiation may be due to the change in ring statis-

tics in favor of smaller rings, that is, six-fold rings transform
to three-fold and four-fold rings upon UV irradiation.

IV. CONCLUSIONS

e

different Ge content increase with respect@g and wj
upon irradiation. Second, for all irradiated glasses, we ob-
served the blue-shifts in frequencies of the host-network
vibration modes»; andws, but smaller or no change in the
frequencies of the two defect modes. The shifts of the
network mode frequencies are related to the reduction in the
T-O-T (T=Si, Ge bridge bond anglef for irradiated
glasses, by the central-force idealized continuous-random-
network (CF-ICRN) theory, suggesting the change in
ring statistics in favor of smaller rings, viz., six-fold rings
transform to three-fold and four-fold rings upon UV irradia-
tion.

The intensities of thew; and w; bands have opposite
changes: that of 5% mol Ge@lass descends upon irradia-
tion and that of 13% mol Ge{ylass ascends. The, band
of both glasses has shifted to the lower-frequency side, but
the intensities have opposite changes. So, the Ge content
may affect a lot for the optical fiber writing of photosensitive
aterials. This means that the UV irradiation process is a
mpetitive process between the increase of the network
structure from the formation of Si-O-Ge bonds and the de-
crease of the network structure from the breakup of the
wrong bonds.

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

Although the exact nature of the above Raman features is
nclear, it is confirmatively attributed to the changes of de-
ects. From this point, the microscopic origin of the photo-
sensitivity in irradiated germanosilicate fibers can be under-
stood as a structural modification of the glass under
irradiation due to the formation of some permanent defect
states.
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