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Photochemical reaction of divalent-germanium center in germanosilicate
glasses under intense near-ultraviolet laser excitation: Origin of 5.7
eV band and site selective excitation of divalent-germanium center
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The photochemical reaction of Gein 10GeQ-90Si0; optical fiber preform and the origin of the

5.7 eV optical absorption band induced by intense ultraviolet laser excitation have been investigated
using a near-ultraviolet XeF excimer lag&.7 eV) as the main excitation source. Based on the
previous and present experimental results, it is concluded that the 5.7 eV optical absorption band
does not originate from the G electron trapped center. In place of this model, we have proposed
an alternative structural model for the origin of the 5.7 eV band taking into account the experimental
fact that the corresponding center is diamagnetic. In addition, it is found that the site selective
excitation of the G&" center can be achieved by using laser sources with different photon energies.
© 2002 American Institute of Physic§DOI: 10.1063/1.1505979

I. INTRODUCTION method® ! It has been considered that the’Gecenter is
one of the dominant species responding to dense UV

Highly functional photorefractive glasses based on sili-photons3912 This is also the case for fHoaded Ge:SiQ
con dioxide are promising materials for optical devices in they|assed?
field of dense and rapid information processing systems. |t is reported that the optical absorption band due to the
Glasses have long been playing a crucial role in optical teleGe?* center is observed at 5.16 é42° In addition to this
communication systems as optical fibers, which correspongenter, many intrinsic and extrinsic defect levels are ob-
to the conducting wire in electronic systems. All optical pro-served around 5 el This feature makes it complicated to
cessing of information signals is, however, strongly requirednvestigate the photoactivated processes of th&"Genter.
to fulfill the potential demand for information technology. A weak absorption due to the &ecenter is also observed at
Optically nonlinear single crystals and rare-earth-doped.7 eV, corresponding to the singlet-triplet transitféri® It
glasses can be utilized as active devices such as phase moduas reported that a long-periodic fiber grating can be fabri-
lators and optical amplifiers, respectivélif we succeed in  cated by exciting the 3.7 eV absorption band in a germano-
developing active functional fibers and waveguides based osilicate fiber cor& and a H-loaded one as weff It is then
silicate glasses, a convenient manufacturing process witbxpected that only the Gé center can be excited using a 3.5
high cost effectiveness can be developed. So far, photoact#®V (A =351 nm) photon from a XeF excimer laser.
vated processes in silicate glasses, especially in germanosili- In the present study, we examined photoactivated pro-
cate glasses, have been utilized for this purpose. For exesses of the Gé center in the core region of optical fiber
ample, a large optical second order nonlinearity induced byreforms using a XeF excimer laser as an excitation laser
the ultraviolet(UV)-light assisted polingand the formation source. KrF  §=248nm,E=5.0eV), XeCl @
of fiber Bragg gratings* are based on the photoactivated =308 nm,E=4.0eV), and ArF §=193 nm,E=6.4eV)
process, mainly due to the photoionization of structural deexcimer lasers were also used as excitation sources for com-
fects in Ge-doped silica glass&€.Although many sophisti- parison. We also report that the energy of the induced optical
cated studies have been done for the development of photabsorption can be controlled by selecting the excitation laser
nic devices, the related defect photochemistry of Ge-dopegihoton energies. Thus site selective excitation of thé*Ge
silica glasses still remains an open question. center is possible.

The authors have been dealing with the photosensitivity
of the G&" center in Ge:SiQ glasses prepared by the sol-
gel method and vapor phase axial depositiOAD) Il. EXPERIMENTAL PROCEDURE
Optical fiber preform(Shin-Etsu Chemical, Japprof

aAuthor to whom correspondence should be addressed; electronic mait0G€Q-90Si0, prepared by a vapor axial deposition
masahide@noncry.kuicr.kyoto-u.ac.jp method was used as a testing sample. The preform rod was
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FIG. 1. Photoluminescence excitatioRLE) spectrum of 10Ge©90Si0, FIG. 2. Photoluminescence s_pectra of 1QC§€SI_OS_iOZ optical fiber preform
optical fiber preform measured by monitoring 3.2 eV photoluminescencebefore and after the XeF excimer laser irradiation at 3 k3fohtotal dose.

Arrows show photon energies of different excimer lasers used in the present

study.

by ~0.1 eV to smaller energies compared to the case of KrF
laser irradiation. We will discuss more on this topic in Sec.
nIII B. The difference absorption spectra can be tentatively
decomposed into four components;(Ge Ge ODC, G&2),

and GeE' center as shown in the inset of Fighg?* Struc-
tural models of corresponding Ge-related defects and results

cut into thin round slices of about 5Q@m in thickness and
polished into an optical finish. The center of the core regio
was used for the investigation. XeFA#£351nm,E
=3.5eV), XeCl @(=307nm,E=4.0eV), KrF @
=248 nm,E=5.0eV), and ArF £=193 nm,E=6.4 eV)
excimer lasers(Lambda Physik COMPex100, Germany
were used as excitation sources. The irradiation powers and
repetition rates were set t6100 mJ/cr per pulse and 10

Hz for all excimer lasers. Photoluminescence, optical absorp-
tion, and electron spin resonan@@SR were measured be-

fore and after the irradiation. Photoluminescence and photo-
luminescence excitation spectra were measured with a g
Hitachi 850 spectrophotometer. Optical absorption spectra <
were collected by a Hitachi U-3500 spectrophotometer.
X-band ESR signals were measured by a Brucker EMX-100
spectrometer. The magnetic field was calibrated by an NMR
gauss meter.

Ill. RESULTS AND DISCUSSION
A. The origin of 5.7 eV band

Figure 1 shows the photoluminescence excitati®hE)
spectrum of a 10Gef90SiO, optical fiber preform mea- S GeEY 10 kJ/em?
sured by monitoring 3.1 eV photoluminescer(&.). Note ol I Ge(2) -
that the photon energy of the XeF excimer laser is about 0.2 ] 6 KJ/om?
eV smaller than that of the absorption maximum. The PL Ge(1) Ge(2) 4 kllom?
spectra of 10Ge©90SiO, optical fiber preform before and 4 \/ ] ,
after the XeF excimer laser irradiatia3 kJ/cnf), which \/Gel*. 2 klfem
were taken under the excitation of 5-eV light from the mono- _ TR
chromated Xe lamp, are shown in Fig. 2. By irradiating with Ge(l)
the XeF excimer laser, the PL intensity originating from the 0 .
G€&" center is decreased, indicating that the center possesses v
photoactivity under the near-UV laser light. Figure 3 shows 2 & Ger*
the optical absorption and difference absorption spectra of > 4’0 445 510 5‘5 sLo
the same sample. The profile of the difference absorption ' ’ | ’ ' '
spectrum before and after the XeF excimer laser irradiation Photon energy (eV)
seems to be essentially the same as that after the KrF exci- _ _ _ o
mer laser irradiation, which is used for the fabrication of F'C: 3 (@ Optical absorption of 10Ge£90SI0, Opt'ca'af'ber preform
fiber bragg gratingFBG).g It is obvious that the difference before and after the XeF excimer laser irradiation at 3 kd/fsfriotal dose

° g ' e ~and (b) difference absorption spectra before and after XeF excimer laser
absorption spectra of the XeF excimer laser irradiation shift@radiation (inset shows an example of band deconvoldtion

Aa. (cmal)

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



3444 J. Appl. Phys., Vol. 92, No. 7, 1 October 2002 Takahashi et al.

TABLE I. Proposed structural models of Ge-related defects.

Transition energy

Defect(commonly used name Suggested structiure (eV)
GeE'? =Ge 6.3
Ge ODC Neutral oxygen mono  =Ge—Ge(or SB= 5.06
(oxygen deficient centgr vacancy(NONV)

divalent center, G& —Ge*t- 3.7,5.16

(PL 3.1 and 4.2 eY

GEC Gel) =Ge-0-Ge 4.7

Ge2) =Ge-0-Si 5.7

aReference 20.
PReference 14.
“=: three Ge—0 bonding; an electron.

of the band deconvolution are summarized in Tables | and Il. It has been believed that the induced optical absorption
The Ge ODC represents the Gecenter in the present study band at 5.5 eMwhich corresponds to the so-called 5.7 eV
because the XeF excimer laser is considered to excite onlyand shown in Table)las shown in Fig. ®) is assigned to
this center. GE) and(2) are supposed to be electron trappedthe Gé2) electron trapped center. However, we found that
centers consisting of a fourfold coordinated @&EC).?? Al- the annealing of the irradiated glasse#0°C, 30 min
though the absorption energy of each center was about Offleached the 5.7 eV band and increased the 5.1 eV band as
eV smaller than those of the KrF excimer laser irradiation ashown in Fig. 5. This means that the so-called 5.7 eV band
shown later, the intensity ratio of the induced optical absorporiginates from the G& center. In contrast to the ESR re-
tion bands to the reduced one is almost th.el same. This clearlyits the induced absorption around 5.5 eV successively in-
shows that the Gé center is a photosensitive structure andcreased in intensity with an increasing laser dose. These re-
is re;pon5|ble for th'e photoinduced densification or photoreéuhS clearly indicate that the origin of the 5.5 eV bafite
fractivity of optical fiber cores. 5.7 eV band in Table)lobserved after the XeF laser irradia-

F|gure_4_shows the ESR spectra before_and af_ter Xefion is different from that of the ESR signal assigned to the
Igser irradiations. The as.-repeu_/ed 10GEADSIO, optlcal_ Geg2) center. It has also been reported that based on the
fiber preform contains an intrinsic G&€ center as shown in . .
Fig. 4(d). Irradiation by the XeF excimer laser resulted in theOptlcally detected magnetic resonan@DMR) study, the

X ' 5.7 eV band assigned to the @gcenter is diamagnet.

formation of various paramagnetic cent¢figs. 43 and The authors of Ref. 24 conclude, on the basis of ODMR

4(b)]. Th I f th i ignal al h
fé?r)r}atior? gofvaGl‘ngS; oGte((Z)ob;igegesgPaC:nigrgu%getitet emeasurements, that the absorption band at 5.7 eV does not

glass!*?? Although the total spin density continued to in- arise from a paramagnetic center and that the origin is not the

crease to 11 kd/cfnof cumulative fluence, the intensity of C&2) center as had been thought earlier. Recently, the au-
the signal corresponding to the @g center tended to be thors have proposed a metastable structure derived from the

saturated below 2 kJ/dnCurve (¢) in Fig. 4, which indi- G§2+ center, in which the bridging oxygen nearby correlates
cates the difference in the ESR signal betwésrl0 kd/cnf with the Gé* center to form a compressed structure as
and (b) 2 kJ/cn? of cumulative fluence, seems to be almostshown in Fig. 6.° The transition energy of the compressed
the same as curvia) of the unirradiated sample, indicating G€ " center was calculated to be 5.8 vhich is in good
that no additional generation of the @gcenter took place agreement with the observed absorption. The formation of
but the GeE’ center was mainly produced from the Ge the GeE' center by correlating the G& center and the
center at higher fluences. It was reported that only th&€Ge 0xygen nearby was also reported foy-ldaded germanosili-
center is generated when the Ge-doped fiber core was irradtate glass® Therefore the compressed Becenter is as-
ated with a KrF laser at higher fluences such as those in theumed to be one of the most likely candidates for the 5.7 eV
present stud§® band produced in the irradiated germanosilicate glasses.

TABLE II. Results of band deconvolution of induced optical compongnts.

Ge(1) Ge ODV (Gé") Ge2) GeE’
Laser EP FWHM® EP FWHMS® EP FWHMS® EP FWHM®
XeF 4.60 1.25 5.00 0.62 5.42 1.39 6.25 1.56
XeCl 4.84 1.73 5.28 0.74 5.84 1.39 6.49 1.47
KrF 4.76 2.50 5.10 0.70 5.56 1.72 6.35 1.61
ArF 4.76 2.26 5.09 0.70 5.73 1.92 6.27 1.16

aUnit: eV.
PE: peak position.
‘FWHM: full width at half maximum.

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 92, No. 7, 1 October 2002 Takahashi et al. 3445

‘ ‘ GeE’
1 Ge(1) Lone 7§
electron

pair

-‘ Ge(2) Ge?* center

L]
0‘ Ge?*

FIG. 6. Suggested structural model accounting for the origin of the 5.7 eV
band.
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malized to the intensity of the bleaching components around

5 eV except for ArF laser irradiation. The intensity of the
difference absorption spectrum of ArF laser irradiation is
normalized arbitrarily for the presentation. The magnification
of each spectrum is shown in the figure relative to the case of
KrF laser irradiation. Because of the larger transition prob-
ability of a singlet-singlet transition observed at 5 eV, the
! L ! ! | ! 1 ! magnitude of the induced absorption is much larger for the
3450 3500 3510 3520 3530 3540 3550 3560 case of KrF and ArF excimer laser irradiation than for the
Magretic field (G) other near-UV excimer lasers. As is shown in Fig. 7, except
G, 4. ESR e bet  after XeF excimer laser irradiaiorLo for the case of ArF excimer laser irradiation, one can find
. 4. Spectra pefore and ailter XerF excimer laser irraal H H
Kllen?. (b) 2 k?/c n? of cumulative fluence(c) difference signal, anda, that_the respective spectra exhibit almost the_same spectral
(b), and(d) before irradiation. profile, but they are different from each other in the bottom
position. Differences in photon energy between the peak top
of the singlet-triplet transition energ{.7 eV) and the XeF
B. The site selective excitation of the Ge  2* center and XeCl excimer lasers are0.18 and 0.29 eV, respec-
- ) tively. In addition, the photon energy of the KrF excimer
) It was observed in Fig.(8) that the_dﬂ‘ference f'ibso_rp_- Iase)r/ is 0.07 eV smaIISr than the ?nglet-singlet transition
tion spectra before and after XeF excimer laser 'rrad'atm%nergy of the G& center(5.07 eV in the PLE spectrum,
shn‘ted by abou_t 0'1_ e_V to the lower energy side compare ig. 2). The order of the energy shift of each difference spec-
with KrF laser irradiation. As shown in Fig. 1, the photon v\, seems to be related to the energy shift from the peak top
energy of the XeF excimer laser is about 0.2 eV smaller thar&s summarized in Fig. 7, but the degree of deviation in the
the absorption peak top due to the singlet-triplet tranSiﬁor’lﬂil‘ference absorption spectra is smaller than that of the ex-

(3'7. e\_/). T_his resm_JIt leads us to the ide"." ‘h?‘ site selectiVi;iation Jasers. This is explained by considering that the ab-
excitation is possible by using lasers with different photon

energies. Figure 7 shows the normalized difference absorp-
tion spectra before and after the irradiation of XeF, XeCl,
KrF, and ArF excimer lasers. Here, the vertical axis is nor-
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FIG. 7. Normalized difference absorption spectra of XeF, XeCl, KrF, and
Photon energy (eV) ArF laser irradiationA« of each spectrum is normalized to the intensity of
the bleaching component around 5 eV except for the case of ArF excimer
FIG. 5. Difference absorption spectrum before and after thermal annealingaser irradiationA« of ArF excimer laser irradiation is magnified arbitrarily
of irradiated sampleé11 kJ/cn? of cumulative fluence Annealing condi-  for clarity. Inset shows the deviation of excitation laser photon energy from
tions: 400 °C, 30 min, ambient atmosphere. the absorption peak maximum.
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