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Paramagnetic centers and absorption bands induced by ultraviolet photons in Ge-dopeaglaSsCare
investigated. Four kinds of samples with different Ge contents were exposed to ultraviolet photons from a KrF
excimer lasef5.0 eV), a XeCl excimer lamp4.0 eV), and a KrCl excimer lamg5.6 eV). Irradiation with the
KrF excimer laser induces two paramagnetic centers, namét) &ed G&2), in proportion with a decrease in
the absorption at 5.1 eV and with an increase in absorption at 4.5 and 5.8 eV. The total density of the induced
paramagnetic centers is linearly proportional to each induced change of the three absorption components and
their proportionality constants are independent of the Ge content of the samples. The 4.0-eV photons from the
XeCl excimer lamp induce only a G&' center, while the 5.6-eV photons from the KrCl excimer lamp induce
a G€1) besides a G&' center. From these results, Geand G&2) are, respectively, assigned to the Ge
electron centefGEC) and the positively charged Ge oxygen-deficient center (GOD@®hich donated an
electron to the GEC. The oscillator strength of the GODC for the absorption at 5.1 eV was found to be 0.1.
From this, it is considered that the GODC that acts as the electron donor is the Ge lone paifGERtEx
Thermally stimulated luminescend@SL) is also examined in Ge-doped Si@lass that was exposed to
photons from the KrF excimer laser. The TSL spectrum is very similar to the photoluminescence spectrum that
is known to be due to the GLPC's. It was found that the absorption, which was induced by the KrF excimer
laser photons, decreases during the TSL measurement and that this decrement of the absorption is proportional
to the TSL intensity. As mentioned above, the electrons that are to be trapped to generate the GEC's are
released from the GLPC's during the photon irradiation. Then, in its reverse reaction, these electrons are
thermally detrapped from the GEC's to regenerate the GLPC's, and the TSL is caused by an electronic
de-excitation in such formed GLPC's. To conclude, the TSL phenomenon further validates the assumption that
the GLPC is the electron donor to generate the GE[S6163-182¢08)05407-1

I. INTRODUCTION and 12 and the bridging oxygeh.If this puzzle can be
solved, the mechanism of the generation of the GEC should
Ultraviolet (uv) photosensitivity of Ge-doped SjQlass be clarified. As a result, it will become possible to increase
is attracting much attention especially for Bragg gratihgs, the photosensitivity of Ge-doped Si@lass, thus enabling
where the photorefractive index change caused by the uvfabrication of Bragg gratings with a much higher efficiency.
induced absorptidn® is utilized*° Two structural changes Besides the NOV, the Ge lone-pair cent¢BLPC;
responsible for the absorption change have been reporte—Ge— where “« ¢” denotes a lone electron pairwhich
One is the generation of G’ center(=Ge€, where sym-  also has a large absorption at 5.1 2¥;'*has been reported
bols “=" and " ™ denote bonds with three separate oxy- as the other type of the GODC's. Absorbing around 5.1-eV
gens and an unpaired electron, respectivabcompanied by photons, the GLPC shows two photoluminesceribd)
the decrease of absorption near 5.1 eV due to Ge oxygemands at 4.3 and 3.1 eV. These two PL bands are due to the
deficient cente(GODC) and the emergence of absorption electronic transition to the ground stat&) from the lowest
near 6.4 eV. Although there are two kinds of GODC's, it hasexcited singlet stateg;) and that from the lowest excited
been reported that the GODC responsible for this structuratiplet state ;) at the GLPC, respectivefy. It has been
change is the neutral oxygen vacantyoVv; =Ge—T=, reported that the intensity of the 3.1-eV PL decreases Wlth
whereT is either Ge or Si? The other change is the genera- the occurrence of the uv-induced structural chaf
tion of the Ge electron centdGEC), where an electron is  Therefore, it is important to investigate the 3.1-eV PL in
trapped at a fourfold coordinated G&'"*?The generation order to understand the mechanism of the structural change
of GeE' center is fairly well understood, but the generationinduced by uv-photon irradiation.
of the GEC is not fully understood. Although it has been In the present research, we have measured the induced
known that GEC's are induced by strong uv photons from garamagnetic species and optical-absorption change in four
KrF or a XeCl excimer laser through a two-photon different Ge-doped SiQglasses upon irradiation of uv pho-
proces$;® the structure of the electron donor to generate tha@ons from three different photon sources. Furthermore, we
GEC is still debated among two types of GODCGRefs. 5  report that thermally stimulated luminescen@e&L), which
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Photon energy (V') FIG. 2. Absorption spectrum induced by the irradiation of 20
. - shots of 5.0-eV photons from the KrF excimer laser in sarmfple
ft FIGd' é (ﬁpso;gtlo_n sg)_ef[:_tra Off ;gmﬁ beIOSr%(s?}'d rllmte) anfd (solid line). Dotted lines are three spectral components with Gauss-
after (dotte .|ne) € Iradiation o Shots 0f 5.8-eV photons oM o ine shapes whose peak positions and FWHM'’s are shown in
the KrF excimer laser. Table |

is believed to be due to the same origin of the 3.1-eV PL,

appears in the oxygen-deficient Ge-doped Sifass irradi-  really consists of two different absorption components due to

ated by strong 5.0-eV photons, and we examine the correlahe two types of GODC's, NOV, and GLPE3*is ob-

tion between the TSL and the uv-induced paramagnetic cerserved in the spectrum. This absorption is observed in all the

ters. Based on these experimental results, we propose gamples. This means that all the samples are of the oxygen-

model of the photochemical reaction occurring in the generageficient type. The dotted line in Fig. 1 is the absorption

tion of the GEC's. spectrum of samplé after a 20-shot irradiation of photons

from the KrF excimer laser. The photoinduced absorption

II. EXPERIMENT spectrum obtained by subtracting the solid line from the dot-

Four Ge-doped SiQglassesA, B, C, andD with Ge ted line is shown in Fig. 2. The induced spectrum is divided
contents of 1.0, 1.4, 6.9, and 9.2 mol %, respectively, werdt0 one negative and two positive Gaussian components
prepared by the vapor-phase axial deposition method. The¥ith peak positions and FWHM's shown in Table I. Laser
were cut and polished into plates 0.3 mm thick. A KrF exci-irradiation of the other samples also induced similar absorp-
mer lasen248 nm=5.0 eV, 80 mJ/crhpulse, pulse duration tion changes.
of 20 ng, a XeCl excimer lamp[308 nm=4.0eV, The ESR spectrum induced in samp@eby the 20-shot
10 mWi/cnt, full width at half maximum(FWHM) of 0.03 irradiation of photons from the KrF excimer laser is shown
eV], and a KrCl excimer lamf222 nm=5.6 eV, 7 mW/crf, in Fig. 3. Two signals named GB and Gé&2) (Refs. 8, 11,
FWHM of 0.05 eV} are used as irradiation photon sources.and 12 are observed, although there still remain debatable
The absorption spectra from the visible to uv region werepoints on the assignment of their structures. In Ref. 111Ge
measured by a Shimadzu UV 160 spectrophotometer. Thend G&2) are assigned to two kinds of GEC’s. Namely,
induced paramagnetic centers were detected by electron sp@g(1) is assigned to the GEC of which all the next-nearest
resonancdESR) with a JEOL RE-2XE spectrometer at the four neighbors are siliconfeferred to as the NNS in the
X-band frequency, and their concentration was evaluated bgresent papgr while Gg?2) is assigned to the GEC which
comparing the double-integrated intensity of the first-has one Ge atom at the next-nearest neighfgi¢G). On
derivative spectrum with that of the signal from a standardthe other hand, in Ref. 12, they are, respectively, assigned to
diphenylpicrylhydrazyl sample of a known weiglthe accu- the GEC and the hole center of the GODC, which donated an
racy of the standard is believed to be20%). electron to GEC. The total density of the induced paramag-

For the PL and TSL measurements, the KrF excimer lasenetic centers shown in Fig. 3, i.e., the sum of(8eand
was used as the photon source. To measure the PL or TSE&2), is 7.1 10 cm 3. Similar ESR spectra were ob-
spectrum at a defined temperature, the PL or TSL disperseskrved in all the other samples after similar irradiation by
by a monochromatofJobin Yvon, HR32Dwas observed by laser photons.

a multichannel detectotPrinceton, RY1024 To measure Figure 4 shows the correlation between the intensity of
the change in the TSL intensity with temperature, the diseach Gaussian absorption component and the total induced
persed TSL was detected by a photomultiplier while heatinglensity of the paramagnetic centers for the four samples
the sample at a rate of 3—8 °C/min. The laser photon irradiadpon the irradiation of photons up to 20 shots from the KrF
tion, the absorption measurement, and the ESR measuremezkcimer laser. A good proportionality with a sample-

were done at room temperature. independent slope is seen between the intensity of each com-
ponent and the density of the induced paramagnetic centers.
ll. RESULTS Figure 5 shows the ESR spectra induced in sampdter
. ) ) 50-h irradiation of photons from the two excimer lamps. The
A. Photoinduced absorption and paramagnetic centers spectrum(a) is for 4.0-eV photons from the XeCl excimer

The solid line in Fig. 1 shows the original absorption lamp and(b) is for 5.6-eV photons from the KrCl excimer
spectrum of samplé\. The absorption at 5.1 eV, which lamp. Spectra (4 and () represent the expansion of spec-
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TABLE |. Peak positions and values of FWHM of the three " T " T i T

respectively. Spectrunfa) is recognized as the signal of

absorption components. | 5.8eV O 1.0mol%
A 1.4mol%
e 0O 6.9mol%
Peak positioneV) FWHM (eV) ~ 10 O 92mol%
45 1.3 ‘s
o
51 0.4 -
5.8 1.2
£ 1.0mol%
*é_ O A 1.4mol%_
. . =} B 6.9mol%
tra (@) and (b) in the region surrounded by the dotted box, é’ & 9.2mol%
<

Ge E’ centers with a density of 510" cm™3, while s1ev© 1.0mol%

spectrum(b) is divided into the signal of Ge&E’ centers _10_' A 1.4mol%

(~7.1x10® cm %) and that of Gél) (~3.5x 10" cm™3). B 6.9mol%

The signal of G&) is not seen in the two spectra, even if the 5 @ 952“'0%- ‘I‘ . 6
measurements were done under increased sensitivity. For all

the other samples, a similar ESR spectrum was observed if Density of induced paramagnetic centers
the irradiation condition was similar. Contrary to the fact that (10" em™)

ESR signals were thus induced, no change was observed in ) _ N

the absorption spectrum by the irradiation of photons from FIG. 4. Correlations between the intensities of the three absorp-
either of the two lamps in any of the four samples. This jstion bands at 4.5, 5.1, and 5.8 eV and the total density of the
because the number of paramagnetic centers induced by t';??ramagnenc centers in the four samples induced l_)y the irradiation
irradiation, which is two orders of magnitude smaller than®' Photons of 5.0 eV up to 20 shots of the KrF excimer laser.

that induced by 20-shot irradiation of KrF excimer laser pho-
tons, is too small. This 3.1-eV PL is due to the electronic transition from

state t0S, state at GLPC? The TSL spectrum is very simi-

lar to the 3.1-eV PL spectrum. Figure 7 shows the change in

the TSL intensity monitored at 3.1 eV while heating the
SampleB was used for the PL and TSL measurementssample after the irradiation of six laser pulses at room tem-

To measure the TSL spectrum, the sample, which had begserature. The TSL intensity reaches maximum around

irradiated by the KrF excimer laser photons at room temperaz20 °C and becomes almost zero around 300 °C. There is no

ture and kept at room temperature for a few minutes, was pWifference among the TSL spectra at different temperatures
on a hot plate whose temperature was set to be 300 °C. The

absorption similar to that shown in Fig. 2 and paramagnetic
centers, GE) and G¢2), were observed after the irradiation.

The solid line in Fig. 6 shows the TSL spectrum obtained.
No TSL was observed without the laser photon irradiation.
The dotted line in Fig. 6 shows the PL spectrum, which
occurs with the irradiation of the KrF excimer laser photons.

B. PL and TSL

g=2.001

\ g=1.9937

.01 mT,

-------------------------- X2 (a)

T Ge(2) T T
Ge(l)  g=1.9866 Ge(1) (®)
¢=1.9933 GeE'center £=2.0008
2=2.0012
L L 1 L 1 ) L L | |
330 331 332 333 334 FIG. 5. ESR spectra induced in sampeby 4.0-eV photons
Magnetic field (mT) from the XeCl excimer lampga) and by 5.6-eV photons from the

KrCl excimer lamp(b). Broken lines are the signals observed under
FIG. 3. ESR spectrum induced by the irradiation of 20 shots ofincreased sensitivity of five magnifications. Spea8 and (b’)
5.0-eV photons from the KrF excimer laser in sampleTwo ESR  represent the expansion of spectea and (b) in the region sur-
signals, named G#&) and G&2), are observed. rounded by the dotted box, respectively.
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FIG. 6. TSL spectrum observed at 300 t&lid line) and PL the absorption .spe.ctrum before the Iasgr photon irradiation from
spectrum due to the GLP@otted ling. those beforgsolid line) and after(dotted ling the TSL measure-

ment shown in Fig. 7.

as shown in the inset, where normalized spectra at 100 °? | The ESR t b din thi e i
(a), 200 °C(b), and 300 °C(c) are shown. The solid and the aser puises. 1he Spectrum observed in this sample 1S

dotted lines in Fig. 8 show the spectra obtained by subtract§hOWn In '_:'g' 10. Only G@) (2.1x 10" cm 3)'|s'observeq',
ing the absorption spectrum observed before the Iaser-photc?rpd Ge2) is not. Even though the laser irradiation cond}tlon
irradiation from those observed before and after the TsLS the same as that for the non-téaded sample, showing
measurement shown in Fig. 7, respectively. From this figure"® TSL. the TSL was hardly observed in the-lHaded

it is obvious that the photoinduced absorption seen before the2MPle; about three orders of magnitude smaller than the
TSL measurement almost disappears after the TSL measurBoN-H-loaded sample.

ment. Samples with different intensities of the photoinduced

absorption were prepared by changing the number of irradi- IV. DISCUSSION

ated pulses. With these samples, measurements similar to
those shown in Figs. 7 and 8 were done, and correlation
between the thermally decreased intensity of the absorption First, the absorption bands, the ESR signals, and the struc-
during the TSL measurement and the total TSL intensitytures that are being discussed are tabulated in Table II for
calculated by integrating the observed TSL curve with theconvenience. By the irradiation of photons from the KrF ex-
measurement time is investigated. Figure 9 shows the resugimer laser, the absorption change shown in Fig. 2 is in-
where the decreased absorption is divided into the threguced, and the paramagnetic centers named)@ad Ge2)
Gaussian components shown in Table I. A good linear proare generated. As there is a good proportionality between the
portionality is observed between the total TSL intensity andntensity of the decreased absorption at 5.1 eV and the total
the decrement or the increment of each absorption compdlensity of the induced paramagnetic centers, it is natural to
nent. Since the increment of the 5.1-eV absorption means thgonsider that some defect that has absorption at 5.1 eV
recovery of this absorption that had been decreased by tH&rongly contributes to the generation of the paramagnetic
laser irradiation, the TSL and the regeneration of the defecgenters. Since there is no absorption around 5 eV in oxygen-
responsible for the 5.1-eV absorption are induced by a therich Ge-doped Siglass;*'**’the defect should be either
mal process that bleaches the photoinduced defects respodf-the two types of GODC'’s. As mentioned above, there are
sible for the absorptions at 4.5 and 5.8 eV. two assumptions concerning the correspondence of the de-

A sample was loaded with }ht a pressure of 170 atm for

A. Generation mechanism of GEC

two weeks at room temperature and then irradiated with six of P T
— T T T _'/'\ :
= g ¢ =
E o © | g Or
s |z o B
8 % (a) 2 :
- R g -5
g Photon energy (eV) 4 3
2 0'5: i 58eV
;4: _10-.1.1.|.|.|
& 0 02 04 06 08 1
| . . U] Total TSL intensity (arb. units)
100 200 300
Temperature (°C) FIG. 9. Correlation between the total TSL intensity and the ther-

mally breached intensity of the laser photon-induced absorption

FIG. 7. Change in the TSL intensity, monitored at 3.1 eV, while during the TSL measurement. The increment of the 5.1-eV absorp-

heating the sample. The inset shows normalized TSL spectra oltion means the recovery of this absorption, which was decreased by
served at 100 °Qa), 200 °C(b), and 300 °C(c). the photon irradiation.
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FIG. 11. Correlation between the 4.5- and the 5.8-eV absorption

FIG. 10. ESR spectrum of the paramagnetic centers induced iBands in the four samples

the H,-loaded sample by the laser irradiation.

The induced absorption bands at 4.5 and 5.8 eV are also

fect structure of the GEC to the ESR signals(Beand ; : : .
; . roportional to the induced paramagnetic centers as shown in
Ge(2).™*Whichever assumption we may stand on, the GE ig.p4. Here, according to I[I):{ef. 112,J let us first assume that

is an electron trapped center at a fourfold coordinated GeGe(l) and Gé2) are the two kinds of GEC's, i.e., NNS and

mis i?dicatﬁs ;hﬁt the G(ﬁDtC ihou_ld Fe th?. ele_ctron don%Ir_NNG, respectively. In this case, the abscissa in Fig. 4 repre-
eretore, the foflowing photochemical reaction IS propos€dgantg the total density of GEC's. From the good proportion-

GeO; + GODCat5.1eV ality shown in Fig. 4, these absorption bands and GEC's
(fourfold coordinated Ge) . . should correlate with each other. Figure 11 shows that the
— %;%” (;Sitivég(ifaf;ea GODC) ratio between the induced absorption intensities at 4.5 and at
Ge(1) and Ge(2) (inRef. 11) 5.8 eV is constant throughout all four samples examined.

Ge(1) Ge(2) (in Ref. 12)

Since the probability of the existence of Ge atoms at the
1) next-nearest neighbors should be higher in the sample with a
The bottom two lines of the right term show the ESR signalshigher content of Ge, NNG should be induced more in such
that should be assigned. Of course, there may exist electromssample. Therefore, if the two absorptions at 4.5 and 5.8 eV
that are released from the GODC but are not trapped at argre, respectively, assigned to NNS and NNG as was assumed
fourfold coordinated Ge. Therefore, the following relation in Ref. 18, the intensity ratio of the induced absorption at 5.8
between the number of GEC’s and that of electrams)(are €V to that at 4.5 eV should be higher in the sample with a
established: higher content of Ge. This contradicts the result shown in
Fig. 11. Therefore, the above assignment that the two ab-
GECe =y:1-y, O<ys=l. (2)  sorptions at 4.5 and 5.8 eV are, respectively, due to NNS and
NNG is unlikely to be correct. The reverse assignment that
{\INS to the 5.8-eV absorption and NNG to the 4.5-eV ab-
rption is also unlikely for the same reason. Next, since the
ifference ing value between the two ESR signals(Geand
€2) means that their excited states are different, NNS and

The ratioy should be higher in the sample with a higher
content of Ge, since fourfold coordinated Ge should exis
more and the probability that the electrons are trapped shoufd
be higher in such a sample. The only one exception occur

V(\;Igegég;}e'\:?ameley@':saﬂnti{]eailg(ggigfn;e;?sjgdeﬁgzn: Z?NNG should have different absorptiohsTherefore, it is

the sample. In Iflg 4 itis clgarly shown that theplinear rela_difficult to consi;jer that both NNS and NNG have either of

tionship between thé decreased intensity of the 5.1-eV a the two absorption bands at4.5 and.5_.£.3 ev or bOth.' To con-
.clude, the only one remaining possibility is that either the

KINS or NNG "has both absorptions, provided that the two

GEC'’s, NNS and NNG, have different ESR signals.

As discussed in relation to Eql), it is highly probable

at two paramagnetic centers, the GEC and (GODQGre

induced when the sample is exposed to the KrF excimer laser

TABLE Il. Absorptions, ESR signals, and structures being dis-phOtonS' Therefore, if the GEC is distinguishable by the

cussed. Note that the side-to-side correspondence is not indicate&lumber of neighbori_ng Ge. atom;, thgre must exist at Igast
P three kinds of ESR signals in the irradiated sample. Provided

centers, Gel) and G€2), does not depend on the sample.
This means that the value gfis unity. Therefore, it is con-

cluded that the number of induced GEC'’s is equal to the\th
number of induced (GODCY)s in the present samples.

Absorption ESR signal Structure that Gé1) and G&2) were, respectively, assigned to NNS
and NNG, there would be no ESR signal to be assigned to

4.5 eV Gel) GEC (1) NNS the (GODC)". The model that the paramagnetic centers
(2) NNG Ge1) and Gé€2) should be, respectively, assigned to the

5.8 eV Gé2) (GODC)* (1) (GLPC)* GEC and (GODC]J (Ref. 12 seems to be more probable. In
(2 (NOV)* this model, the two GEC'$NNS and NNG would have to

5.1 eV GODC (1) GLPC be indistinguishable by ESR. Then, the above-mentioned as-
(2) NOV signment of the absorptions at 4.5 and 5.8 eV has to be

modified. Since, as mentioned above, the induced density of
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the GEC is considered to be equal to that of the (GODC) and the generation of GEC's is not observed. On the other
the linear proportionality between the induced absorption inhand, 5.6-eV photons from the KrCl excimer lamp induce
tensities at 4.5 and 5.8 eV shown in Fig. 11 is explainable byhe ESR signal of G&), which should be assigned to a GEC
assuming that one of the two absorptions is due to the GE@s mentioned above, besides BElecenters. It has been also
whose ESR signal is G& and the other is due to the reported that the irradiation of photons from a Hg/Xe lamp
(GODC)" whose ESR signal is GB). Therefore, the two induces only G&' centerd and that the irradiation of strong
absorptions are considered to be, respectively, due to thg0-eV photons from a XeCl excimer laser induces GEC's as
GEC and (GODC}, even though which absorption is due to well as GeE’ centers$ From these results, we can estimate
which defect cannot be determined. However, there still rethe threshold photon energy to induce the GEC. A two-
mains the possibility that both absorptions at 4.5 and 5.8 €\hnoton process easily occurs in the case of the XeCl excimer
are due to either the GEC or the (GODC)More analyses |aser, while it never occurs in the case of the Hg/Xe or the

about the assignment of the absorptions at 4.5 and 5.8 €Y excimer lamps. Therefore, the above results, together
will continue in a future paper. with the above-mentioned fact that the generation of GEC is
%ot observed in the case of a one-photon process of 5-eV
ghotons, indicate that the threshold photon energy of the ion-

number of the induced GEC is considered to be equal to th|zation of, or the electron release from, the GLPC to generate
number of the induced (GODC) and also because the ac- the GEC is higher than 5.0 eV and lower than 5.6 eV. The

curate separation of the two signals is very difficult, the den- . -
sity of (GODC)" is estimated to be half of the total density authors have revealed that the absorption beginning from a

of the two signals. This (GODC) density induced by the position _slightly_t_)elow 6 eV seen in Fig. 1 is caused by the
irradiation should be equal to the decreased density of th§/ECtronic transition from the ground state of the GLPC to
GODC. From the intensity and the FWHM of the decreased"® conduction bandl It is reasonable to assume that the
5.1-eV absorption band due to the GODC and the decreasd@nization of the GLPC is caused by exciting electrons into
density of GODC, the oscillator strengtf { of the GODC the edge of the conduction band and that the transfer of elec-
for the 5.1-eV absorption is calculated by the following rons to generate the GEC is done through the conduction

netic centers consist of the GEC and (GODCBecause the

Smakula’s formuld® band, at least for the case of the KrCl excimer lamp. To the
authors’ knowledge, the lowest reported photon energy to
Nf=0.87x 10Mnaw/(n?+2)2 3) induce the GEC was 8.0 eV through a two-photon process of

the photons from a XeCl excimer laseBy the present
wheren is the refractive index of glassy (cm™Y) the ab- study, the _threshold energy is found to b.e much lower. '
sorption coefficient at the peak of the absorption band, _ From Fig. 5, another important fact is deduced. While
(eV) the FWHM, andN (cm™3) the defect concentration. Geg(1) and GeE’ center were induced by the KrCl excimer
From Eq.(3), we obtainedf of ~0.1. From the above con- lamp, Gé2) was not. This might contradict the conclusion

- _ + ; ;
tention, it is concluded that the electron donor to generatd@t G&1) (=GEC) and G&) [=(GLPC)" ] are induced in
GEC is the GODC, which has absorption at 5.1 eV with thell® Same number. The G centers are mainly generated

. - 1
oscillator strength of 0.1. For the absorption at 5.1 eV, two[foM NOV's by releasing electrorfs’” The released elec-

types of GODC's, NOV and GLPC, have been assig?ned.trons would neutralize the (GLPC)s, which otherwise
Although it is known that NOV is converted to the G should have been observed in the same number as GEC's.

center by the irradiation of uv photons and that electrons argurthermore, these facts strongly support the model that
released during this reactidri the released electrons do not G&2) is not the NNG but the (GLPC). If Ge(1) and G&2)
generate a GEE Furthermore, the oscillator strength of a Should, respectively, correspond to the NNS and NNG, the
NOV for the 5.1-eV(in Ref. 2, 5.06 eV absorption has been above-mentioned results would never be observed.
reported to be 0.4,which is far larger than the calculated
value in the present study. On the contrary, the oscillator
strength of the GLPC for the 5.1 elin Ref. 2, 5.16 eV B. TSL
absorption is reported to be G*lwhich agrees quite well It is obvious that the TSL is due to a photoinduced struc-
with the present result. These two important facts that it igural change, since it is not observed without the laser irra-
GeE' center and not GEC which is induced from NOV and diation. Furthermore, since the two spectral shapes shown in
that the oscillator strength of NOV is 0.4 were also con-Fig. 6 are almost the same and since no other PL bands have
firmed for all the present samples by similar experiments tdeen reported around 3.1 eV, it can be concluded that the
those reported in Ref. 2 using a Hg/Xe lamp. Furthermore, iTSL is due to the electronic transition frof state toS,
has been reported GE’ centers are induced from NOV state at the GLPC as in the case of the 3.1-eV PL. Then, we
through a one-photon process of 5-eV photons, and thatan assume that electrons first trapped at a certain defect are
GEC's are induced through a two-photon process of 5-eMhermally detrapped and move D, state of the GLPC.
photons*® From these reports and our results, it is concludedTherefore, the total TSL intensity should be proportional to
that the electron donor to generate GEC is not a NOV but ghe number of electrons thermally supplied to the GLPC's.
GLPC. This in turn advances the aforementioned assignmei8ince, as shown in Fig. 9, the total TSL intensity is propor-
of Ge(2) to the conclusion that G2) should be assigned to tional to the thermally bleached intensity of each photoin-
(GLPC)". duced absorption component shown in Fig. 2, it is considered
As shown in Fig. 5, the irradiation of 4.0-eV photons that the TSL is induced by the thermally bleaching process
from the XeCl excimer lamp induces only G&€ centers, of the GEC’s, namely, the reverse reaction of EL.
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The present results on TSL give strong validation to the V. CONCLUSIONS

model that the electron donor to generate the GEC's is the Tpe generation mechanism of the GEC in Ge-doped, SiO
GLPC. As mentioned above, the reverse reaction of(EQ. glass has been investigated through absorption and ESR
causes the TSL. That is to say, the electrons thermally daneasurements with three different photon sources. It was
trapped from the GEC's are supplied to positively chargedound that clear proportionalities, which do not depend on
electron donors and that the subsequent electronic transitidR® G content in the sample, exist between the generation of
in the neutral electron donors shows the TSL. On the otheParamagnetic centefSe(1) and Ge2)], the decrease in the

) o .1-eV absorption, the increase in the 4.5-eV absorption, and
hand, the TSL shquld be due to the eIectr_onlc transition e increase in the 5.8-eV absorption. It was also found that
the GLPC as mentioned above. Therefore, if we suppose th@te 5 g.ev photons from the KrCl excimer lamp induce the

the electron donor is the bridging oxygéthe TSL phenom-  GEC. Furthermore, TSL with quite a similar spectrum as that
enon cannot be explained. The only possibility that can exef the PL due to the GLPC's appears in the sample that was
plain TSL is that the electron donor must be the GLPC. Thdrradiated by the KrF excimer laser. From these experimental
electrons thermally detrapped from the GEC’s are captureéesults, the following facts are clarifiedl) By the laser ir-
b he (GLPC)'s,and the neuralized GLPC' are then de- 30217 sctions e elesec T e SLPC and e
excited by moving down the electrons & state viaT, thermally, V\?here electrons are detrapped from the GEC's
state, through WhICh th(_a TSL occurs. The fact that the 5.1-e\ 4 are supplied to the (GLPC}. The electrons are further
absorption that is considered to be due to the GURE\. 2 deactivated taS, state of the GLPC vid, state, and this
increases proportionally with the total TSL intensity strongly process causes the TSI2) The ESR signals G#&) and
indicates that the regeneration of the GLPC causes the TSIGe2) are assigned to the GEC and a hole trapped at the
As shown in Fig. 10, G@) is not induced in the GLPC, respectively(3) The threshold photon energy to gen-
H.,-loaded sample by the laser irradiation. Since botlflGe €rate the GEC is between 5.0 and 5.6 eV.
and Gé€2) are observed in the non,Hoaded sample, G&)
should be due to a defect whose generation is suppressed by
hydrogen or a defect that is generated but soon becomes a )
different structure by reacting with hydrogen. This result also 1 "€ authors express their thanks to Dr. K. Muta and M.
supports that G@&) and Gé2) are assigned to the GEC and Kato of Showa Electric Wire and Cable, for providing the

+ . . : samples. Their appreciation is also extended to Dr. K.
(GLPC)", respectively. The disappearance of(Ben the  aya7y of Electrotechnical Laboratory for his valuable com-

Hp-loaded sample indicates that the (GLPC} terminated  ments. This work was partly supported by a Grant-in-Aid for
by hydrogen. Therefore, the TSL should not be observed iscientific Research from the Ministry of Education, Science
this sample. This is really the case in the present researchand Culture of Japaf06452222.
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