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Structural changes induced by KrF excimer laser photons in H-loaded Ge-doped SiQ glass

Makoto Fujimaki, Toshiaki Kasahara, Shigeyuki Shimoto, Nahoko Miyazaki, Shin-ichiro Tokuhiro, Kwang Soo Seol, and
Yoshimichi Ohki
Department of Electrical, Electronics, and Computer Engineering, Waseda University, 3-4-1 Ohkubo, Shinjuku-ku,
Tokyo 169-8555, Japan
(Received 9 November 1998; revised manuscript received 18 March 1999

Photochemical reactions related to the Ge lone-pair cé@EPC) that are induced by KrF excimer laser
photons in H-loaded Ge-doped Siglass have been investigated. Without theléhding, the Ge electron
center(GEC) and the positively charged GLPC were induced by the laser irradiation. Intheaded sample,
the GEC, the G&' center, and the germyl radic8BR) were induced by the irradiation, while the positively
charged GLPC was not observed after the irradiation. If thidolded sample was thermally annealed after the
photon irradiation, the concentration of the photo-induced GEC decreased monotonically with an increase in
the annealing temperature. On the other hand, the concentration of the GR increased up to the annealing
temperature of 160 °C, and it decreased at higher temperatures. Without the pre-irradiation, the induction of the
GR was not observed even in the-ldaded sample. From these results, it is concluded that the positively
charged GLPC is terminated with a hydrogen atom in thdaddded sample and then becomes the GR by
trapping an electron thermally released from the GEBD163-18209)05631-3

I. INTRODUCTION fourfold coordinated Géabbreviated as Gefand forms the
Ge electron cente{GEC, GeQ):*°

Recently, optical fiber gratings, where periodical
refractive-index change is fabricated by ultravidlet) pho- GLPC+GeQ—(GLPO" +GEC. (2)
ton irradiation in the core of an optical fiber made of Ge-
doped SiQ glass! have been expanding their applications to These uv-induced structural changes are accompanied by the
various devices, such as optical filtérS,sensors; % fiber  induction of absorption changes in the visible-to-uv region,
|aser52,_4’11dispersion eliminator®*2 and so on. Many tri- which in turn causes the refractive index changes through the
als, e.g., development of special fibers with increased G&ramers-Kronig relatiof??*
concentration and/or codopants, have been made to increaselt has been reported that the & center and the GEC
the refractive index chandgé.However, it is often more de- are also induced by photon irradiation in,-tdaded Ge-
sirable to fabricate fiber gratings in standard optical fibers fodoped SiQ glass™®??Not only the NOV but also the GLPC
compatibility with existing systems. Low-temperature, H becomes the GE' center with a high dose irradiation of uv
loading is one of the most effective sensitization techniquephotons in H-loaded Ge-doped Siylass?? In addition to
to increase photo-induced refractive index changes in stathese paramagnetic centers, the germyl radiG&t), which
dard optical fibers. Molecular-hydrogen-loaded Ge-dopedas the structure that H is bonded to the GLPC
SiO, optical fibers exhibit markedly increased photo-induced(=GeH),>*?* is induced by uv photon irradiation. These
refractive index changes-*’ Therefore, it is very important phenomena strongly indicate that the GLPC plays an impor-
to understand the photo-induced structural changes itant role in the photo-induced structural changes. In the
H,-loaded Ge-doped SiQglass for the fabrication of high present paper, in order to understand structural changes re-
performance optical fiber gratings. lated to the GLPC in Kloaded Ge-doped SiOglass, we

It has been known that there are two types of Ge oxygenhave investigated paramagnetic centers and absorption bands
deficient centers in Ge-doped Si@lass™ One is the neutral induced by KrF excimer laser photons and the changes in

oxygen vacancy(NOV; =Ge—T=, = represents bonds their behavior by thermal annealing.
with three separate oxygens ands either Ge or Siand the
other is the Ge lone-pair centé@LPC;—Gé—, “eo” de- Il. EXPERIMENTAL DETAILS

notes lone-pair electrons® With uv photon irradiation, the )
NOV becomes the GE' center(=Ges+ ' T=, * denotes A 99Si0,:1GeG, glass rod, prepared by the vapor-phase
an unpaired electrort® axial deposition method, was cut into disks having 0.3-mm

thickness and polished for optical measurements. Molecular
B hydrogen loading was performed under aptlessure of 170
NOV—Ge E’ centerte”. (1) atm for two weeks at room temperature. Hereafter, the
H,-loaded and non-fHloaded samples are called samples
By irradiation with uv photons of high-energy density, suchand N, respectively. A KrF excimer lasdi.ambda Physik,
as KrF excimer laser photons, the GLPC is ionized and betPX 105i, 248 nn+5.0 eV), with an energy density of 70
comes the positively charged GLREGLPC)"].1° The elec-  mJ/cnt per pulse, was used as a photon source. The absorp-
tron released from the GLPC by the irradiation is trapped ation spectra from the visible-to-uv region were measured by
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FIG. 1. Absorption spectra before and after the KrF excimer
laser photon irradiation. The solid curve denotes the absorption
spectrum of the as-received sampléoefore the laser photon irra-
diation, which overlaps with the spectrum of sampléefore the
irradiation in this scale. The inset shows the difference obtained by
subtracting the absorption spectrum of samplefrom that of
sampleH. The broken and the dotted curves denote the spectra of
samplesN andH after the 30-pulse irradiation of the laser photons, Photon energy (eV)
respectively.

Absorption coefficient (cm'])

FIG. 2. Solid curves indicate the absorption changes in samples
a Shimadzu UV-3100PC spectrophotometer with wavelengtil (&) andH (b) induced after 30 laser pulses were irradiated. The
resolution of~2 nm. The induced paramagnetic centers werdroken and the dotted curves denote the spectral components ob-
detected by electron spin resonan@SR with a JEOL tained by the least-squares fitting with Gaussian shapes and the
JES-PX 1060 spectrometer at theband frequency, and synthesized line shapes, respectively. Note that the solid and the
their concentration was evaluated by comparing the doubledotted curves agree quite well with each other.
integrated intensity of the first-derivative spectrum with that . , -
of the signal from a standard diphenylpicrylhydrazyl samplet® Peak positions and the FWHM's are W_"El:‘]'” 0.05 eV, and
of a known weight(the accuracy of the standard is believedtn0se of the intensities are within 0.2 ¢m The errors
to be =20%). All the photon irradiation and the measure- shown in the table are due to the ambiguity of the calcula-
ments were done at room temperature. tion. As shown in Fig. 2, a decrease in the 5.1-eV absorption
and the induction of two absorption bands at 4.5 and 5.8 eV
are observed in samplé¢$ and H. In addition to these ab-
sorption changes, an absorption band at 6.4 eV, which is
A. Photo-induced structural changes considered to be due to the & center® is observed in
The solid curve in Fig. 1 indicates the absorption spec—zaeg]r?lssHéiAn\évgaléfti)ssc;zgoi?]gf:: da};tgﬁ/@mmh has not
trum of the as-received sample, i.e., samylbefore photon Fi uresgiea) gnd,:{b) show the ESR spectra induced b
irradiation. Absorption is observed at 5.1 eV, which is he ghoton irradiation of 30 laser pulses iFr)1 sampleandH y
known to be composed of the two absorption bands due tB pho! . P ’
the NOV (5.06 eV} and the GLPC(5.16 eV} 8 The inset 'esPectively. Two signals, named Geand Ge2) Fgat are,
shows the difference obtained by subtracting the absorptioFleSpeCt'Ve.ly’ assigned to the GEC and the (GL. C)are
spectrum of samplél from that of sampleH. A slight in observed in samplBl. The sum of the concentrations of the
- - i 7 ~m—3
crease in the 5.1 eV absorption is observed with théokd- GEC and the (GLPC) IS calculated to be 4>8101. cm .
ing. The broken and the dotted curves in Fig. 1, respectiverThe authors have co_nﬂrmed t_hat the concentration of GEC
show the absorption spectra of samphsand H after 30 and that of (GLPC) induced in Ge-doped SiOglass are
lf?;ir &ﬂsgfo\geer:e ;;?dézttfg d %ﬁriggtﬁcﬁg tge tshoe“dpﬁg{c\)/_e TABLE I. Peak positions, intensities, and values of FWHM of
induced absorption changes in sampiésnd H were ob- the absorption components induced in sampleandH.

tained as shown by the solid curves in Fig&)2and Zb), s le Peak iti Intensit —1 EWHM
respectively. It has been reported that photo-induced absor,n—ampe eak positiofev) Intensity(cm ) &V

Ill. RESULTS

tion bands in a Ge-doped Sj@lass in the visible-to-uv re- 4.5 5.9 1.3

gion are well fitted with Gaussian shapes, and the parameteh$ 5.1 -7.2 0.4

of the Gaussian components have been well identtiée;2° 5.8 10.2 1.2
Therefore, we applied Gaussian decomposition to the ob- 45 6.9-05 1.3-0.1
tained spectra. The broken curves in Fig. 2 denote the spec- 48+01 1.1+05 0.4-0.1

tral components obtained by the least-squares fitting withy 51 —248+1.0 0.4
Gaussian shapes. The synthesized line shapes, indicated by 5.8 115:20 0.9:0.2 (1.2-0.1)°
the dotted curves, reproduce well the observed absorption 6.4+0.15 9.0-3.0 1.2-0.2

spectra. The intensities and the values of the full width at

half maximum(FWHM) of these absorption components are The calculated value based on the Gaussian fitting to the result
shown in Table I. The instrumental errors for the values of shown in Fig. 5.
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FIG. 3. ESR spectra of sampldk(a) andH (b) induced by the
irradiation of 30 pulses of laser photons.

irradiated samplél obtained by subtracting the spectrum before the
thermal annealing from the one after the total sequences of thermal
annealing.

equal when it is irradiated up to a few tens of pulses with theapplied to samplé1 which had not been irradiated with the

present KrF excimer lasé?. Therefore, the induced concen-
tration is 2.4< 10 cm™2 for both GEC, and (GLPC). In
sampleH, the ESR signals due to the GEC, Gé center,
and GR are seen. The concentration of the GEC induced i
sampleH is 2.6< 10 cm 3, which is quite similar to that
induced in sampl&l. The concentrations of the & center
and the GR are 0:610"" and 2.6< 10" cm ™3, respectively.
The fact that the G@) signal is not seen in Fig.(B) means
that the (GLPCJ does not exist in sampld even after the
photon irradiation.

laser photons. In this case, induction of the GR was not ob-
served. This result indicates that the precursor of thermally
induced GR is a defect induced by the irradiation.
n Figure 5 shows the differential absorption spectrum of the
photon-irradiated samplél before and after the total se-
quences of thermal annealing. The 5.1-eV absorption, which
was bleached by the photon irradiation, shows a recovery by
the thermal annealing. Decrease in the 4.5 and 5.8 eV bands,
which were induced by the photon irradiation, is also ob-
served.

Figure 6 shows the correlation between the decrease in

the concentration of GEC{ANggo) and the increase in the
intensity of 5.1-eV absorptionN«s 1), measured after each
The following thermal annealing procedure was appliedsequence of thermal annealing. The open and closed circles
to sampleH after 30 pulses of laser photons had been irra-are for sample®l andH, respectively, and the numbers next
diated at room temperature. First, the sample was annealedtat them denote the annealing temperature. For sample
160 °C for 5 min, and the absorption and ESR measurement$as ; is linearly proportional to- ANggc, while such a pro-
were done at room temperature. This sequence of annealiggrtionality is not observed for samplé
and measurements was repeated with a step of 20 °C until the
annealing temperature reached 300 °C. Figure 4 shows the
ESR results. The circle and square show the concentrations
of GEC and GR, respectively. The photo-inducedEse&en-

ter in sampleH scarcely changed its concentration with the e absorption changes shown in Figa)?2 which oc-
thermal annealing. As seen in this figure, the concentratioRred in sampleN by the photon irradiation, can be ex-

of GEC decreases monotonically with an increase in the aMlained by Eq.(2). lonization of the GLPC into (GLPC)
nealing temperature. On the other hand, the concentration of

GR increases with the thermal annealing at 160 °C, and then

B. Thermal effects on the photo-induced structural changes

IV. DISCUSSION

A. Photo-induced structural changes
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RT 150 200 750 300 FIG. 6. Correlation between the decrease in the concentration of

the GEC (- ANggo and the increase in the intensity of the 5.1-eV
absorption A«s;) measured after each sequence of the thermal
annealing. The open and the closed circles are for sarhpdesiH,
respectively, and the numbers next to them denote the annealing
temperature.

Annealing temperature ( °C )

FIG. 4. Changes in the concentrations of the GEitcles and
the GR(squaresin sampleH with the thermal annealing following
the 30-pulse irradiation of laser photons.
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decreases the 5.1-eV band and the generation of GEC isample H even after the laser photon irradiation. The
duces the 4.5- and 5.8-eV band€®?' This view is consis- (GLPC)" is considered to be terminated with a hydrogen
tent with the result shown in Fig.(8. Since the GeE’ atom in sampléH, since only the existence of,Hnolecules
center is not observed in samp\eafter the photon irradia- is the difference between samplelsand N. The (GLPC)

tion, the photochemical reaction indicated by Et) does terminated with a hydrogen atom, written &SLPC)*-H

not occur in sampléN under the irradiation condition. The hereafter, is a diamagnetic center, and is not detectable in the
decrease of GLPC {ANg.po), i.e., the induction of ESR measurement.

(GLPC)*, by 2.4<10"cm™2 brings about the decrease in

5.1-eV absorption{ Aas ;) by 7.2 cni* shown in Fig. 2a). B. Thermal effects on the photo-induced structural changes

From these values, the oscillator strength of the GLPC for

the 5.1-eV absorptiofig, pcis calculated using the following
Smakula’s formula?

As shown in Fig. 6,Aas 4 is linearly proportional to
—ANggc When the samplé is thermally annealed. Here,
we assume that the reverse reaction of &).occurs with
Nf=0.87x 10" naw/(n?+2)2, (3)  the thermal annealing. This mearsANgec is equal to the
recovered concentration of the GLPC. ThereforeANggc
should be equal ta Ng pc. From this relationship between
Aas 1 and ANg pc or the slope of the linear line in Fig. 6,
fLpcis calculated to be 0.081, which is 9% less thigpec.

This difference is negligible if we take account of the error
of ESR measurements. This strongly confirms the above-
Mentioned assumption that the reverse reaction of (Eg.
occurred during the thermal annealing of samgléhat had
been irradiated by laser photons.
Aas,=3.0<10" "X ANgpe. (4) As shown in Fig. 4, the concentration of GR increases in
' sampleH with thermal annealing at 160 °C following the

The concentration of GEC induced in sampléy photon  photon irradiation. Since the GR is not induced by the ther-
irradiation is 2.6< 10" cm 2. This indicates that this concen- mal annealing in samplel without the preirradiation of the
tration of GLPC disappears in sampte which brings about laser photons, the precursor of thermally induced GR is a
the decrease in 5.1-eV absorption. From E4), this de- defectinduced by the photon irradiation. The precursor is the
crease is calculated to be 7.8 ¢hn (GLPO)™-H induced in sampléd by the irradiation. As men-

The signal due to GR is also seen in Fighb3with a  tioned above, electrons are released from GEC'’s by the ther-
concentration of 2.8 10" cm2. The precursor of the photo- mal annealing, and (GLPC)s trap the electrons in sample

whereN is the defect concentratioem ™), n the refractive
index of glassa (cm™?) the absorption intensity at the peak
of the absorption band, and (eV) the FWHM. By substi-
tuting —ANg pc Of 2.4X10"cm 3, —Aag,0f 7.2 cm i n

of 1.46, andw of 0.4 eV, fg pc is calculated to be 0.09,
which is the same value as the one reported in Ref. 19. Fro
the result, the relation betweelNg pc and Aas 4 is ex-
pressed as follows:

induced GR is the GLP& N. However, the (GLPC) is terminated with a hydrogen
atom and becomes tH&LPC)"-H in sampleH. Therefore,
GLPC+H—-GR. (5 if an electron is trapped by th&&LPCO)*-H, the GR is in-

Therefore, the decrease in the 5.1-eV bandéassociated wiffficed. This reaction is expressed as
the generation of GR is calculated to be 7.8 crby substi- +
tuting ANg pc of —2.6x 10 cm 2 into Eq. (4). Therefore, GECH(GLPO™-H-GeQ+GR. ®
the total decrease in the 5.1-eV band due to the loss of GLPChis reaction explains the increase in the GR concentration
becomes 15.6 ci. caused in sampléd by the thermal annealing at 160 °C
As shown in Figs. &) and 3b), the GeE’ center is shown in Fig. 4. When the annealing temperature is beyond
induced in sampléd. The NOV and the GLPC are the pre- 160 °C, the GR is bleached.
cursors of the G&'’ center in a H-loaded Ge-doped SiO In sampleN, Aas 4 is linearly proportional to— ANggc,
glass?* However, in the present case, only 30 pulses of theas mentioned above. Such proportionality is not observed for
laser photons, which correspond to 2.1 Jicwere irradiated  sampleH. As shown in Fig. 6, the ratio af as ; to — ANggc
to the samples. It is known that the GLPC does not chang# lower in sampleH than in sampleN during the thermal
into the GeE' center with such a low dosé.Therefore, the annealing from 160 to 200 °C, while it becomes higher at
observed G&' center was totally generated from the NOV. higher annealing temperatures. As shown in Fig. 4, the GEC
The induced concentration of Gé&’ center is 0.6 is bleached monotonically by the thermal annealing. The
x 10" cm ™3, which should be equal to the decreased conelectron thermally released from the GEC is trapped at the
centration of NOV. Since the NOV shows the absorption at{GLPQO*-H and the(GLPC)"-H becomes the GR as shown
5.1 eV with w of 0.4 eV andf of 0.4, by using Eq(3) the in Eqg. (6). However, the GR is scarcely bleached by the
decrease in the 5.1-eV absorption is calculated to be 7.thermal annealing from 160 to 200 °C. As a result, the inten-
cm 1 As a result, the decrease in the 5.1-eV absorption acsity of the absorption band at 5.1 eV due to the GLPC
companied with the three paramagnetic centers, GR, GEGcarcely increases at this temperature region. With the ther-
and GeE’ center is calculated to be 23.4 i This is quite mal annealing at higher temperatures, the GR is bleached

similar to the observed value. and becomes the GLPC, which in turn increases the absorp-
From the above-mentioned discussion, it is concluded thdion intensity at 5.1 eV.
the electron donor to generate the GEC in santplis also As mentioned in the previous section, the total decrease in

the GLPC. However, the G2 signal, which is assigned to the 5.1-eV band due to the loss of GLPC accompanied with
the (GLPCY', is not observed by the ESR measurement forthe induction of GR andGLPC)*-H is 15.6 cm . There-
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fore, the 5.1-eV band af 5.6 cm ! should be induced with the thermally decreased 5.8-eV absorption shown in Fig. 5,
complete thermal bleaching of the GR ai@LPC)*-H. This  and the result came out to .1 eV, the same FWHM as

is quite similar toA as ; of sampleH that was annealed ther- in the case of sampM. Since the thermal annealing does not
mally at 300 °C(see Fig. 6. The 5.1-eV absorption band due change the concentration of the ¢ center, the existence
to the NOV does not increase with the thermal annealing®f the 6.4-eV band is negligible in the spectrum shown in
since the concentration of the & center scarcely changes Fig. 5. Therefore, the FWHM of 1.2 eV is more reliable for

with the thermal annealing. the 5.8-eV band. Although the &' center is known to have
absorption at 5.8-e¥?*3there is no possibility of the present
C. Assignment of the 5.8-eV absorption 5.8-eV band being due to the &' center since the ESR

o ) ) signal of the SIE’ center never appeared. Therefore, the
As shown in Fig. 2, absorption bands are induced at 4-%resent 5.8-eV band is due to the same origin in both

and 5.8 eV by the photon irradiation in sampleln addition samples\ andH, and the origin is the GEC with the G@
to these two bands, the 6.4-eV absorption is also induced iggr signal. '

sampleH. The bands at 4.5 and 6.4 eV are already known to

be, respectively, due to the GHERefs. 19, 26 and 27with

the Ge1) ESR signal and the GE’ center?® However, the V. CONCLUSIONS
assignment of the 5.8-eV band is still a matter of discussion.

Tﬂere have been pap&#g’ that assigned the 4.5- and _ Structural changes induced in#baded Ge-doped SiO
5.8-eV bands to two different defects that have th¢lGand glass have been '|nvest|gated 'through absorption and ESR
Ge2) ESR signals, respectively. On the other hand, the aul€asurements using a KrF excimer laser as a photon source.
thors have indicated the possibility of both the 4.5- angThermal annealing was also applied to the glass following

5.8-eV bands being due to the Gedefect from the fact that the laser photon irradiation, and the behavior of absorption
the intensity of the 5.8-eV band is always linearly propor_bands and that of paramagnetic centers were investigated.

tional to that of the 4.5-eV band with the identical propor- F_rom the obtained results,_ the following conclusions are de-
tionality coefficient regardless of the Ge content of theived. (1) Thg paramagnetic centers, GEC, GR, andie
samples? The present study gives a clear answer to thicenter, are induced Dby the irradiation(2) The GL,PC’ .
puzzle. By comparing Figs. 2 and 3, one can easily find thapvhich dpnated an electron to generate the GEC,+|s termi-
the photon-irradiated sampké shows the 5.8-eV band with- nated with a hydrogen atom and becomes (GePC)"-H,

out showing the G@) signals. This fact clearly contradicts "  ESR-insensitive ~ diamagnetic cente(3) The

the assumption that the 5.8-eV band and théGgignal are (GLPQO'-H traps an electron thermally released from the

due to the same defect. By comparing the results shown iﬁEg and becomes the GR at temperatures around
Fig. 2 (or Table ) and those in Fig. 3, it is found that the 160°C. (4) The GR becomes the GLPC with the thermal

intensity of the 5.8-eV band is similar between sampies annealing. (5) The 5.8-eV absorption band induced by the
andH and that the G@) signal intensity is also similar be- KrE excimer laser photqn |rra_d|at|on is assigned to the GEC,
tween the two samples. This similarity between the 5.8-eWWhich shows the G&) signal in ESR measurements.

band and the G&) signal supports the model that the 5.8-eV

band as Well_as the 4.5-eV band is due to the defect with the ACKNOWLEDGMENTS
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