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Excited-state absorption measurement in Ge-doped SiO, glass

Makoto Fujimaki, Kwang Soo Seol, and Yoshimichi Ohki
Department of Electrical Engineering , Waseda University, 3-4-1 Okubo

b

Shinjuku-ku, Tokyo 169, Japan

Abstract

Optical absorption change in the microsecond order in oxygen-
deficient Ge-doped silica glass was measured as a function of time Just
after photon irradiation from a KrF excimer laser. The absorption above 3
eV was found to decay with the same timé constant as that of the
luminescence at 3.1 eV. From this, it is confirmed that the observed
absorption change is due to the excitation of electrons from the lowest

excited triplet state to an upper state.



Germanium-doped SiO, glass is a key component for
telecommunication optical fibers. Furthermore, Ge-doped SiO, glass,
especially its oxygen-deficient type, is attracting much attgntion as optical
fiber gratings. This type of SiO, glass has an absorption band at 5 eV, By
exciting this absorption band, two photoluminescence (PL) bands appear
at4.3 eV and 3.1 eV. Since the 4.3 eV PL has a short lifetime (7 <10ns),
it is assigned to electron transition from the lowest excited singlet state
(51) to the ground state at a germanium oxygen-deficient type center
(GODC), while the 3.1 eV PL is assigned to that from the lowest triplet

state (T1) to the ground state because of its long lifetime ( t =114

u 8)." However, the exact structure of GODC is still debatable, mainly
between the neutral oxygen vacancy (= Ge—Ge =, ‘=’ denotes bonds
with three separate oxygens) and the germanium lone-pair center (— (‘}é*,

* ++ " denotes lone-pair electrons)."* One way to find'a clue to the
elucidation of its structure is to study its excited states. When Ge-doped
Si0, glass is exposed to intense 5.0 eV photons from a KrF excimer laser,
electrons are first excited to S; state. However, since the electron lifetime
at T, state is much longer than that at S, state and the transition time from
S state to T, state is very fast ( t = 5.3 ns), plenty of excited electrons
stay at Ty state.’ Therefore, there isn a possibility that the absorption due to

electronic excitation to an upper state from T, state can be observed.



However, to our knowledge, such an observation has not been reported.
This paper presents a result of excited-state absorption measurement in
oxygen-deficient Ge-doped SiO, glass by a pump-probe method.

Figure 1 shows the measurement system. The samples used are
oxygen-deficient type glass of 95Si0,:5GeO, prepared by the vapor-phase
axial deposition method. The samples were cut and polished into plates of
0.3 mm thick. A KrF excimer laser (MPB Technologies, PSX-100) was
used as the light source for pumping electrons to the excited states. The
energy density per pulse and the pulse width of the excimer laser are 1
mJ/cm?® and 5 ns, respectively. To observe the transient absorption, a Xe
flash lamp was irradiated for some observation time to the sample after a
delay of fixed time. The transmission spectrum dispersed by a
monochromator (Jobin Yvon, HR320) was observed by a multi-channel
detector (Princeton Instruments, IRY700 ) with an image intensifier. The
flash lamp and the detector were operated by a four-channel digital
delay/pulse generator (Stanford Research Systems, DG535), which
controls the start of measurement so that the incident photon number to
the sample from the flash lamp becomes constant as long as the
observation time is constant, since the luminosity of the flash lamp varies
with time. The absorption from the ground state which had been obtained

without the pumping was automatically subtracted from the transmission



spectrum by computer. The PL induced by the irradiation of the KrF
excimer laser is observed as a negative absorption change. In this
experiment, the observation time or the exposure of the flash lamp is 30 ns
and the delay time between the pumping and the start of exposure is

changed from 100 ns to 200 4 s. Because of a band-pass filter used to

eliminate the scattering light of 5 eV from the pumping laser and the
ability of the detector, the measurement was limited in the range of 1.55 to
4eV.

Figure 2 shows the result. A transient absorption band induced by
the irradiation of the excimer laser is seen above about 3.5 eV. The
negative peak around 3.1 eV is the simultaneously-induced PL band
caused by the electronic transition from T} state to the ground state. From
this figure, it is observed that the transient absorption band decreases with
the same time constant as that of the PL intensity. In other words, this
transient absorption occurs only when electrons exist at Ty state. From this
experimental result, it is confirmed that the transient absorption is caused
by the electronic transition from T; state to an upper state. In order to
know the correct position of the absorption edge, the effect of PL. must be
subtracted. For this purpose, the 3.1 eV PL spectrum as a function of time
was obtained without using the flash lamp, and it was subtracted from the

corresponding spectrum in Fig. 2. Figure 3 shows the result. It is obvious



that the transient absorption band is very broad, starting around 3 eV with
its peak above 4 eV. That is to say, this absorption band lies in the region
from 6 to more-than-7 eV from the ground state. Since the energy gap of

Ge-doped SiO; glassis 7.1 eV °, there is a possibility that the upper state

1s the conduction band.

The present success of the observation of the electronic excitation
from T; state is important to elucidate the optical property of GODC,
Furthermore, it shows the possibility that ionization of GODC is caused
by low energy photons by a cumulative two-photon excitation (or up-
conversion) through T; state.

The authors express their thanks to Dr. K. Muta and M. Kato of
Showa Electric Wire and Cable, for providing the samples, and to G.
Sarata of Waseda University for his h’elp in doing experiments. Their
appreciation is also extended to Dr. H. Nishikawa of Tokyo Metropolitan
University and Dr. K, Awazu of Electrotechnical Laboratory for their
encouragement. This work was partly supported by a Grant-in-Aid from

the Ministry of Education of Japan.
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Figure captions:
Fig. 1. Time-resolved measurement system for excited-state absorption.
Fig. 2. Observed results of the time-resolved excited-state absorption

measurements. The positive hump shows the absorption, while the negative

peak shows luminescence. The delay times after the excitation by KrF

excimer laser are 100 ns (a), 10 x s (b), 100 u s (c), and 200 4 s (d).

Fig. 3. Estimated excited-state absorption spectra. (a)-(d) are the same as

indicated in Fig. 2.
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Laser-power dependence of absorption changes in Ge-doped SiO, glass
induced by a KrF excimer laser
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The generation mechanism of the absorption changes, which cause a photorefractive change through the
Kramers-Kronig relation in Ge-doped SiO, glass, has not been clarified yet. In the present paper, we examined
the laser-power dependence of the absorption changes around 5 eV, induced by a KrF excimer laser. The
induced absorption around 5 eV is composed of three different components, centering at 4.50, 5.08, and 5.80
eV. The increasing behavior of each absorption component depends strongly on the energy density. The three
absorption components reach different saturation levels, depending on the energy density. Furthermore, the
absorption induced by a high-power KrF excimer laser is bleached by a laser, the energy of”\‘}\'/ﬁiéh;ﬂ?:_n’siﬁ s
about one-twentieth of the inducing laser. Combining the results of mathematical analysis, it was found tha
two-photon process and a one-photon process are, respectively, involved with the induction and the bleach of
each absorption. It was also found that the precursor defect, which causes the absorption change, is of an

15 APRIL 1996-1

oxygen-deficient type.
PACS number(s): 42.70.Ce, 42.70.Gi, 42.88.+h

Since the fact that Ge-doped SiO, glasses have large ab-
sorption bands in the ultraviolet to vacuum ultraviolet (UV -
VUV) range was reported, many studies have been done to
elucidate the structures responsible for these bands. Espe-
cially, the research has been focused on the strong absorption
at 5 eV.'~® Through this research, it has become clear that the
5-eV absorption appears only in oxygen-deficient glasses.” It
has been reported that two structures, twofold coordinated
germanium®  (or germanium lone pair center, GLPC,

—Ge—), and neutral oxygen vacancy’ (NOV,
=Ge—T==), are responsible for this absorption. Here, the
symbols “‘s «” and “z=" denote lone-pair electrons and
bonds with three separate oxygens, respectively, and T is
either Ge or Si.

It has been well known that absorption changes are in-
duced in Ge-doped SiO, glass, when irradiated by UV
photons.”® Recently, the manufacture of optical filters®~!!
with Bragg gratings in communication fibers was reported. A
photorefractive change through the Kramers-Kronig relation
induced by some absorption change is utilized for these
gratings.'® Since this was reported, there have been many
papers on the absorption changes responsible for the photo-
refractive change. As the most probable model, the NOV is
believed to release one electron and become the E' center
(=T"++ T=, T: Ge or Si) by absorbing 5-eV photons'{Z

The generation of the germanium electron trapped centers ,

(GEC’s) is also responsible for the absorption change.'' !4
A discrepancy has been reported for the energy density
necessary to make a Bragg grating.'>"!7 The difference in
efficiency of the generation and bleach of £’ centers with the
energy density of irradiated photons seems to be responsible

0163-1829/96/53(15)/1(4)/$10.00 53

for this discrepancy.® It was also reported that the induced
absorption shows the saturation at different intensities, de-
pending on the incident energy density.'® It was further re-
ported that the absorption induced by intense photons is par-
tially bleached when the sample is irradiated by weaker
photons.'® These reports indicate the existence of a certain
relation between the absorption change and the energy den-
sity, but the details are unknown.

In the present paper, the absorption around 5 eV is very
carefully examined, by changing the incident energy density
significantly. Based on the observed energy-density depen-
dence of the absorption change, a mathematical analysis is
made. The role of a two-photon process and a one-photon
process is also discussed.

The samples used are germanium-doped silica glasses of
99510 ,:1Ge0, prepared by the vapor-phase axial deposition
method. The soot rods were sintered to dense glass rods un-
der reducing atmosphere (H,:He=1:10). The samples were
cut and polished into plates of 0.3 mm thick. Two KrF exci-
mer lasers (248 am, 5.0 eV) were used as the irradiation
photon sources. The one with a higher energy density of 20
to 80 mJ/cm? per pulse (Lambda Physik, LPX105i) is re-
ferred to as laser H, while the other (MPB Technologies,
PSX-100) has an energy density of about 0.5 ml/cm? per
pulse and is called laser L. Since the pulse duration of laser
H is about 20 ns and that of laser L is about 5 ns, the average
energy density becomes about 1-4 MW/cm? for laser H and
100 kW/cm? for laser L. The energy density was monitored
by a thermopile-type measurement system (Scientech,
AD30). The absorption spectra from the visible to UV region
were measured by a Shimadzu UVI160 spectrophotometer.

! © 1996 The American Physical Society
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FIG. 1. Change in intensity as a function of fluence for the three
absorption components induced by photon irradiation of lasers H

and L. The inset is the induced absorption spectrum by the irradia-
Laser H

tion of laser H of 2 JJem?. — denotes the period of the irradia-

Laser L
tion of laser H, and «—  denotes the period of the irradiation of
laser L following the irradiation of laser H. The energy density of
laser H used in this experiment is 40 mJ/cm? per pulse.

Electron-spin-resonance (ESR) signals were obtained by a
JEOL RE-2XG spectrometer at the X band frequency. All the
experiments were done at room temperature.

Figure 1 shows the change in absorption with fluence ob-
served by the irradiation of intense 5-eV photons. As shown
in the inset, the induced absorption is divided into three spec-
tral components with Gaussian line shape, two (A] ; around
4.50 eV and A/; around 5.80 eV) are positive and the re-
maining one (Al, around 5.08 eV) is negative. The peak
positions of the three components and their values of the full
width at half maximum (FWHM) are shown in Table I. This
spectrum is clearly different from the absorption spectrum
induced by the irradiation of a Hg/Xe lamp, in which absorp-
tion peaks appear at 5 and 6.3 eV.’ Although the absorption
at 6.3 eV also emerges slowly but clearly, in the present
study, after the three absorption changes become saturated at
the fluence of about 2 J/em?, this is not the scope of the
present paper. Figure 2 shows the dependence of the satu-
rated value of the absorption change on the energy density of
laser H for the three components. The saturation level is
found to depend on the energy density.

TABLE 1. Peak positions and values of FWHM of the three
absorption components.

Peak position (eV) FWHM (eV)
Al 4.50+£0.03 1.31£0.03
Al, (<0) 5.08+0.01 0.39+0.01
Al 5.80%0.03 1.270.03
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FIG. 2. Change in the saturated absorption intensity induced by
laser H as a function of the energy density for the three absorption
components. The solid curves are drawn by the lease-squares fitting

to Eq. (7).

As shown in the right half of Fig. 1, the changes in the
three absorption components induced by laser H are dimin-
ished by the ensuing photon irradiation by laser L. The three

- components approach to their respective stable levels when

the total fluence by laser L reaches about 4 J/cm?. These
data indicate that the reaction, which causes the absorption
changes, is an equilibrium reaction between the inducing and
the bleaching processes.

The inset in Fig. 3 shows the ESR spectrum induced by
the irradiation of 2 J/cm? by laser H. The spectrum is very
close to what is believed to be due to the GEC'’s,'? although
the assignment is still debatable.!* Figure 3 shows a good
proportionality between the intensity of each induced absorp-
tion component and the density of the induced paramagnetic
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FIG. 3. Dependence of the intensity for three absorption com-
ponents induced by the irradiation of up to 2 J/cm? by laser A, on
the density of induced paramagnetic defect centers. The inset shows
the ESR spectrum of the induced paramagnetic centers.
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defect centers. That is to say, the absorption around 4.50 eV
(Al,) and the one around 5.80 eV (Al3) are induced con-
comitantly with the decrease of the absorption around 5.08
eV (Al,), keeping the ratios AI,/Al, and Al3/Al, constant.
This strongly suggests-that the defect responsible for A7, is
converted to the defect(s) responsible for A/, and AJ 3
Namely, AI, is caused by the precursor defect and AJ  and
Al; are caused by the induced defect(s).

As already mentioned, the results of Figs. 1 and 2 suggest
that the behavior of the absorption change is determined by
the equilibrium between the inducing and the bleaching pro-
cesses, as expressed by the following:

Cy
precursor (N,)@defect (N,), N
Cy

where ¢ (s~ l)and co(s™1) are rate constants. Then, we start
with a first-order kinetic equation involving both the forward
and the backward reactions as follows:

an,
E—z"Cle*}'Csz, (23.)
N,+N =Ny, (2b)
Np(t=0)=No, Nd([:O):O (2C)

Here, we define N, and N, as the numbers of precursor
defects and induced defects, respectively. Ny is the initial
number of N, . The solution of these equations is given by

C1
Nd:NO_—N =

p= T Noll=expl—(crt el ()

The numbers of the defects, N, and N, will be saturated as
follows:

Cy
cte,

Na'(t—”’o)=No“Np(f—"°°)= Ng. (4)
If we assume, for example, that both the inducing and the
bleaching processes are governed by respective one-photon
processes, i.e., if the rate constants ¢, and ¢, are both pro-
nortional to the incident energy density, the value of
#4(t— ) should be constant. Contrary to this, however, the
saturation values vary with the incident energy density, as
shown in Fig. 2. Nishii et al.">® reported that the formation
of the GEC’s, which are responsible for UV absorption
bands, is caused by a two-photon process. Furthermore, we
have confirmed that the absorption change shown in the inset
of Fig. 1 does not occur when a Hg/Xe lamp is used as a
light source. Therefore, we assume the following relations
between the rate constants and the incident energy density:

c;=aP? (two-photon process), (5a)
p

4c,=pP (one-photon process), (5b)

where P (cm ™2 57!y denotes the number of incident pho-
tons per unit area per second, which corresponds to the inci-
dent energy density, and « (cm* s) and B (cm?) are con-
stants. Therefore, we obtain the following relations for N,
and N, form Eq. (3):

TABLE II. Constants @ and 8 for lasers Hand [

a (cm*s) B (em?)
Inducing period
by laser H 0.39x10"4 0.49x 10718
Diminishing period
by laser L 1.0X 1074 1.3x 10718

NdZNO.—Np:;;EYBTﬁNO{I "CXP[“(O.’PZ'\LBP)[]}.
©)

From Eq. (4), the dependencies of N p(t—) and
N4(t—) on the incident energy density are as follows:

[e4

Nd(t“"w)zNo‘Np(t—""’o)z

While A/, and A/, are proportional to the number(s) of
the corresponding induced defects (M), Al is proportional
to the number of the precursor defects, which have changed
to the induced defects (N »~No). Therefore, all the three
absorption components can be calculated from Eq. (6). The
solid curves, in the left half of Fig. 1, are drawn by assuming
Eq. (6). Closely tracing the theoretical curves, the values
Aly, Al,, and Al; approach to their respective saturation
values. If, at this moment, the photon source is changed to
laser L from laser A, the numbers of both defects again
begin to approach to their respective saturation values. The
absorption change in this period can be calculated similarly
from Eq. (2a), by assuming that the saturation values of Ny
and N, of the previous period (namely, by laser H) are their
initial values of this period. Solid curves in the right half of
Fig. 1 are drawn in this way. Furthermore, the solid curves in
Fig. 2 representing the change in the saturated absorption
intensity induced by laser H are drawn by assuming Eq. (7).
The fact that the experimental data in Figs. 1 and 2 are fitted
very well by these solid curves suggests the validity of our
assumed model.

The constants « and 3, or the efficiency of the two-
photon process and that of the one-photon process, should be
independent of the energy density of irradiated photons.
Table II shows the values of « and 8 used through the cal-
culations for the inducing period by laser H and for the di-
minishing period by L. The difference of a between the
inducing period and the diminishing period is about a factor
of 2.6. So is the difference of 8. If the difference in shape of
the photon pulses from the two lasers and inevitable shot-to-
shot differences are taken into account, such a difference can
be considered to be small enough to indicate that both @ and
B are independent of the encrgy density. This strengthens the
validity of our assumed model.

From these results, it has been confirmed that the defect
responsible for the absorption around 5.08 eV is converted
by a two-photon process to the defect(s) responsible for the
absorption around 4.50 and 5.80 eV and that its backward
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reaction occurs by a one-photon process. From Fig. 3, it is
obvious that the 5.08 eV absorption band is the precursor of
the GEC, and that either of the induced absorption bands at
4.50 and 5.80 eV or both are assigned to the GEC. One
important fact that should be remembered is that the absorp-
tion at 5.08 eV is observed only in the oxygen-deficient-type
Ge-doped SiO, glass. Therefore, the absorption at 5.08 eV
should be assigned to a germanium oxygen-deficient center
(GODC), no matter whether it is GLPC,* NOV, or any other
form,?! or a combination thereof. The assignment of the ab-
sorption bands at 4.50 and 5.80 eV has been discussed in
several papers. While the 4.50 eV (4.4 eV in Ref. 13) and the
5.80 eV bands are assigned to two types of GEC’s, Ge(1) and
Ge(2), respectively, in Ref. 13, the two bands are assigned to
the GEC and the positively charged GODC, respectively, in
Ref. 14..Combining these assignments with the results of the
present study, the mechanism of the absorption change is
expressed as follows:

two photon
GeO,+ GODC & (GeO,)™ +
5.08 eV °" PR 4 50 580 eV!3
4,50 ¢V

(GODQC)*,
5.80 ev!4,

Here (GeO,)¢™ can be referred to as GEC. More analyses
such as on the structural assignment of GODC will continue
in a future paper.

In the right half of Fig. 1, it is observed that the experi-
mental data of A, decreases and Al; increases again with
the irradiation of laser L, when the irradiation of laser L
exceeds 4 J/cm?. This phenomenon is understood if the gen-

eration of the E’ center is taken into account. It has been
reported that the irradiation of UV photons breaks the NOV
into E’ center and that this phenomenon is accompanied by
the absorption decrease around 5 ¢V and the absorption in-
crease around 6.3 eV."? As already mentioned, we have con-
firmed that this phenomenon becomes obvious with the pro-
longed irradiation of photons, thus putting Al, and A7 3
below and above the calculated curves, respectively.

Since the photorefractive index change in Ge-doped
SiO, glasses is induced effectively by the irradiation of in-
tense photons at 5 eV,*122 and the absorption change should
be closely related with photorefractive index change through
the Kramers-Kronig relation,'">#* the present findings are
very important. Furthermore, that the induced absorption
changes are diminished by one-photon absorption of 5-eV
photons is a negative factor for the utilization of the photo-
refractive effect.

To conclude, as for the absorption change, which consists
of the induction of absorption bands at 4.50 and 5.80 eV and
the bleaching of 5.08-eV absorption induced in Ge-doped
Si0, glass by irradiation of 5-eV photons, a two-photon pro-
cess at oxygen-deficient centers is responsible. The backward
process is caused by a one-photon process.
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Defects in buried SiO, films in Si formed by implantation of oxygen ions were characterized by
photoluminescence (PL) excited by KrF (5.0 eV) excimer laser and synchrotron radiation. Two PL
bands were observed at 4.3 and 2.7 eV. The 4.3 eV band has two PL excitation bands at 5.0 and 7.4
eV, and its decay time is 4.0 ns for the 5.0 eV excitation and 2.4 ns for the 7.4 eV excitation. The
decay time of the 2.7 eV PL band is found to be 9.7 ms. These results are very similar to those for
the 4.3 eV and the 2.7 eV PL bands, which are observed in bulk silica glass of an oxygen-deficient
type and attributed to the oxygen vacancy. Through the change in the PL intensity with the film
thickness, the buried SiO, film is considered to contain the oxygen vacancy defects in a high amount
throughout the oxide. © 1996 American Institute of Physics. {S0021-8979(95)03424-3]

I. INTRODUCTION
With the development of high-speed and high-power de-

vices, the parasitic capacitance and the lateral insulation have

become serious problems. To solve these problems, various
fabrication methods for an silicon-on-insulator structure
were developed. Among these developed methods, formation
of an oxide layer in a monocrystalline silicon by implanta-
tion of high-energy oxygen ions is thought to be the most
competitive for mass production. This is usually referred to
as separation by implanted oxygen (SIMOX).

However, there have recently been a number of deviat-
ing observations on devices with SIMOX buried oxides,
which are induced by unusual behavior of the buried oxide
such as enhanced electrical conductivity,! charge buildup,>
and significantly enhanced sensitivity*~® to defect generation
as compared to the conventional thermal oxide. It is sug-
gested that there is a distinct difference between the two
oxides in such points as structure, uniformity and the degree
of nonstoichiometry.

From such a viewpoint, much research has been done
recently on the properties of SIMOX.'~8 Electron spin reso-
nance (ESR) always gives useful information on the struc-
ture of paramagnetic defects such as E' center (==Si-; “="
and “-” denote bonds with three separate oxygens and an
unpaired electron, respectively) and the nonbridging oxygen
hole center (=Si-0-).>!! Diamagnetic defects, which act as
precursors of paramagnetic centers, cannot be detected by
ESR. On the other hand, photoluminescence (PL) has been
proved to be a powerful tool to characterize diamagnetic de-
fects in bulk silica glasses.!?" "

Recently, characterization of various silicon oxide thin
films by PL has been tried,”"'7 but not yet for SIMOX bur-

JElectronic mail: 695¢5056 @cfi.waseda.ac jp
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ied oxide film. In addition to that, SIMOX wafer is now
examined on the applicability to novel optical devices, which
utilize low-dimensional silicon structure.'®!® If there are un-
certain PLs from the SIMOX buried oxide film, the exact
characterization of the low-dimensional silicon should be-
come difficult.

In this study we report on a PL study on point defects in
SIMOX buried oxides, based on PL and PL excitation (PLE)
spectra and decay characteristics obtained with excimer laser
photons and synchrotron radiation.

Il. EXPERIMENT

The SIMOX buried oxides (hereafter abbreviated as SI-
MOX) were produced by implanting O* ions up to a dose of
1.7X 10" jons/cm? with an energy of 180 keV into p-type
(100) Si substrates maintained at 550 °C. The substrates were
then annealed at 1300 °C in Ar+O, for 6 h. For PL experi-
ment, the Si overlayer was etched off in a KOH solution
[KOH:H,0=3.7 (by weight)] stabilized at 23 °C to expose
the buried oxide. The buried oxide was etched back in buff-
ered (10:1) HF acid solution to change the thickness. The
oxide thickness was measured by ellipsometry with He~Ne
laser (632.8 nm). For comparison, the following three kinds
of oxide were used. The first one, abbreviated as pure silica,
is a high-purity oxygen-deficient-type bulk SiO, glass ((OHJ:
3 ppm, [CI]: 670 ppm) prepared by the Ar plasma method.
The second one is a wet-type thermal oxide prepared by
oxidation of a p-type Si substrate in a wet oxygen atmo-
sphere at 1000 °C for 70 min. The third one is a
phosphorous-implanted thermal oxide prepared by implant-
ing P” ions with an energy of 80 keV up to 10'® ions/cm?
into thermal oxide.

The PL spectra were measured using a monochromator
(Jobin—Yvon HR320) equipped with a multichannel detector

© 1996 American Institute of Physics
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FIG. 1. Photoluminescence spectrum at room temperature from SIMOX
oxide when excited by a KrF excimer laser (5.0 eV).

(Princeton RY—-1024) and the ms-order decay profiles were
measured with a photomultiplier (Hamamatsu R955) under
excitation by a KrF excimer laser [wavelength: 248 nm (5.0
eV); pulse width: ~20 ns; pulse energy: 10-20 ml/em?,
Lambda Physik LPX105i).

The PLE spectra and ns-order decay profiles were mea-
sured using synchrotron radiation (SR) at the BL7B line of
UVSOR operated at an electron energy of 750 MeV (Insti-
tute for Molecular Science, Okazaki, Japan). While the PLE
spectra were measured under multibunch operation, the de-
cay profiles were measured by a time-correlated single-
photon counting technique under single-bunch operation
(time interval of SR pulses: 177.6 ns). An apparent pulse
duration of the SR pulse including time response of the de-
tecting system is 0.55 ns. The emitted photons collected with
a lens at 30° or 90° to the incident beam and dispersed by a
bandpass filter were detected by a photomultiplier
(Hamamatsu R955) for PLE or by a microchannel-plate pho-
tomultiplier (Hamamatsu R2287U-06) for the decay. Mea-
surement were carried out at 32-300 K.

Ill. RESULTS

Shown in Fig. 1 is the PL spectrum of SIMOX obtained
under excitation by the KrF excimer laser at room tempera-
ture. Two PL bands are observed at 4.3 and 2.7 eV. Here, the
spectrum below 3.5 eV was taken with a filter to remove an
artifact peak around 2.2 eV arising from second-order light
of the 4.3 eV PL.

Figure 2 shows the PLE spectrum for the 4.3 eV PL band
obtained with synchrotron radiation. Here, the obtained lu-
minescence intensity was divided by the intensity of the ex-
citation photons, and the measurement was done at 90 K. A
clear PLE band is seen at 7.4 eV. On the steep increase
beginning around 5.4 eV, which is due to scattered excitation
photons through the bandpass filter with a transmittance win-
dow at 4.3 eV, a shoulder is seen around 5.0 eV. As is con-
firmed below, this shoulder is thought to be a PLE peak of
the 4.3 eV band.
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FIG. 2. Photoluminescence excitation spectrum obtained at 90 K for the 4.3
eV PL band in SIMOX oxide.

Figure 3 shows the decay of the 4.3 eV PL excited at (a)
7.4 eV and (b) 5.0 eV for SIMOX, measured at 32 K. The
data were fitted by the least-squares method with the time
derivative of a stretched exponential function,

Iy (BIry(r/1)! ~F exp[ —(¢/7)#]. )]

Here 7 and B are the effective decay constant and a param-
eter which takes a value of 0<pB<], respectively. This is

T T T

n 1) = (1) Ploxp{- i/ ) 8}
0% (B =098, T =24ns 4
> 0
=
o
i
s d
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Z
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(a) Excited by 7.4 eV photons

T T T

10 = (A Plexp{-(v 7 ) B} ]
(B=0.94, 1=4.0ns)

PL INTENSITY (ARB.UNITS)
=)
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TIME (ns)

(b) Excited by 5.0 eV photons

FIG. 3. Decay profiles of the 4.3 eV PL band excited at (a) 7.4 eV and (b)
5.0 eV for SIMOX oxide. Solid curves are drawn by assuming the stretched
exponential function, Eq. (1).
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consistent with many reports which revealed that the lumi-
nescence decay in many amorphous materials measured be-
low 50 K is described by the above equation.?’-2?

Figure 4 compares the decay of the 2.7 eV PL band of
SIMOX and that of pure silica. The PL was excited by the
KrF excimer laser and measured at room temperature. In
both two samples, the PL decays exponentially with the same
decay constant of 9.7 ms.

The thickness of SIMOX was changed by etching with
HEF solution. Figure 5 shows the change in height ‘of the 4.3
eV PL band with the remaining thickness. The PL intensity
depends linearly on the thickness.

IV. DISCUSSION

Study on PL has been offering a strong clue to the char-
acterization of high-purity or Ge-doped silica glass for opti-
cal communication;*~'*2 however, such PL study has rarely
been used for the study of thin SiO, film.">"'"* This is
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FIG. 5. Change in the height of 4.3 eV PL peak with the remaining thick-
ness of SIMOX oxide.
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partly due to the experimental difficulty in obtaining data
with a high signal-to-noise ratio in the vacuum-ultraviolet
range. Recently, we surmounted this difficulty by using syn-
chrotron radiation and reported PL from SiO, films deposited
by plasma-enhanced chemical-vapor deposition and ion-
implanted thermal SiO, films.'>!

Among many PL bands observed in high-purity silica,
two PL bands at 4.3 and 2.7 eV are the best-characterized
bands. When they appear simultaneously like a geminate pair
in one sample, and if the sample has two absorption bands
around 5.0 and 7.6 ¢V, the sample can be considered to be
oxygen deficient.'>*~*" The 4.3 eV PL band in the oxygen-
deficient silica glass has a decay constant of 4.2 ns for the 5.0
eV excitation and that of 2.1 ns for the 7.6 eV excitation,?’
while the 2.7 eV PL band has a decay constant around
10 ms.'>%% These are in good agreement with the results
shown in Figs. 1-4, except for some subtle differences like
the existence of PLE band at 7.4 eV rather than at 7.6 eV. A
slight shift in the peak energy of the PLE band often occurs,
since electronic excitation is influenced by the surrounding
atmosphere of the point defect. We found that ion-implanted
thermal SiO, films also have the corresponding PLE band at
7.4 eV."" Therefore, all the obtained results indicate that the
present SIMOX oxide is oxygen deficient in nature. This is
to say, the PL. pair at 4.3 and 2.7 eV and the absorption (PLE)
pair at 5.0 and 7.4 eV are due to the same point defects as in
the case of bulk silica glass, and not due to the quantum
effect of small silicon istands,*® which may exist in SIMOX
oxide.

One point we want to mention here is that the PL peak
position alone could not be so decisive, although PL study is
indeed a powerful tool to characterize the material. One ex-
ample is that PL appeared at 2.6 eV when SIMOX was irra-
diated by an ArF excimer laser whose photon energy is 6.4
AL Although the peak position is close to the 2.7 eV PL,
the decay constant, which is shorter than 100 us, is com-
pletely different from that of the 2.7 eV PL. Therefore, at-
tention should also be paid to the PLE spectra and the decay
constant in addition to the peak position. Detailed study on
the 2.6 eV band and another PL at 3.3 eV, which was also
observed under the ArF excimer laser, will be our future task.

As for the structure of the point defects responsible for
the PL pair and the PLE pair, mainly the following two mod-
els are considered. One is the oxygen-deficient-center (ODC)
model. In this model, the 7.6 eV absorption is due to “re-
laxed” (i.e., with shortened bond) oxygen vacancy (=Si-
Si==), while the 5.0 eV absorption is due to “unrelaxed”
(i.e., holding the longer bond) oxygen vacancy.*? The corre-
sponding PLs at 4.3 and at 2.7 eV are considered to be due to
electronic transition to the ground (singlet) state from the
excited singlet state and that from the triplet state,
respectively.?® The other model is the silicon—lone-pair—
center (SLPC) model. This model assumes that the twofold
coordinated Si (0-Si-0O, “--” denotes lone-pair electrons)
for the 5.0 eV band and impurity-related (hydrogen and/or
chlorine) complex defects of the twofold coordinated silicon
for the 7.6 eV band.*® Between the two models, the ODC
model seems more favorable, since the 7.4 eV PLE, which
corresponds to the 7.6 eV absorption, is observed in SIMOX,
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FIG. 6. Comparison of the photoluminescence spectra from SIMOX oxide
(400 nm), P-implanted thermal oxide (110 nm), and thermal oxide (500 nm).

in which neither hydrogen nor chlorine is assumed to be
introduced during the manufacture. As mentioned above, we
observed the 7.4 eV PLE band in ion-implanted thermal SiO,
films."” This fact is also unfavorable for the SLPC model.
Consequently, together with the result shown i Fig. 5, oxy-
gen vacancies are thought to exist almost uniformly through-
out the oxide.

As shown in Fig. 3, the values of 7and 8 for the 4.3 eV
PL are 2.4 ns and 0.98, respectively for the 7.4 eV excitation,
and 4.0 ns and 0.94, respectively for the 5.0 eV excitation.
The stretched exponential function [Eq. (1)] becomes single
exponential if 8=1. The value of 0.98 or 0.94 is close to 1.
Therefore, the present result is consistent with our previous
work for oxygen-deficient silica glass, in which we reported
that the 4.3 eV PL shows a single-exponential decay with
7=2.1 ns under the excitation of 7.6 eV photons and that
with 7=4.2 ns under the excitation of 5.0 eV photons.?’ In
the case of the 4.3 eV PL in thin SiO, films formed by
plasma-enhanced chemical-vapor deposition (CVD) of tetra-
ethoxysilane, 8 is well below 1 (8=0.78) when excited at
7.6 eV, although 7 is not so different (7=2.8 ns).'> Lower B
means that the function deviates more from a single-
exponential decay, and it is an indication of structural distor-
tion surrounding the point defect. From this point of view,
the structure of SIMOX buried oxide can be assumed to be
similar to high-purity silica glass formed by the conventional
CVD-soot remelting method,”” and much more uniform than
plasma CVD SiO, from tetraethoxysilane.'”

Finally, we want to discuss the reason for the deviating
behavior of devices with SIMOX buried oxide such as the
enhanced  sensitivity to defect generation under
irradiation.*~® The PL spectra around 4.3 eV from SIMOX
(thickness: 400 nm), thermal oxide (500 nm), and
P-implanted thermal oxide (110 nm) excited by the KrF ex-
cimer laser are shown in Fig. 6. As clearly seen, SIMOX
contains oxygen vacancies nearly as much as P-implanted
thermal oxide (note the difference in thickness) and far more
than thermal oxide. The oxygen vacancy is known to act as a
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precursor of the E' center and an electron supplier through
the equation.™

=Si-Si=—==Si- *Si=+e". (2)

Therefore, the abundance of oxygen vacancies in SIMOX
buried oxide seems to be responsible for the high sensitivity
to defect generation, the high conductivity, or the charge
buildup.

V. CONCLUSIONS

We observed photoluminescence from SIMOX buried
oxide and obtained the following results.

(1) Under the excitation of KrF excimer laser, two PL
bands at 4.3 and 2.7 eV are observed. Using synchrotron
radiation, it is confirmed that the 4.3 eV PL has two PLE
bands at 5.0 and 7.4 eV. These PLs and PLEs are considered
to be due to the oxygen vacancies existing almost uniformly
in the oxide.

(2) The structure surrounding the oxygen vacancy,
judged by the small deviation of the PL decay curve from a
single exponential one, is similar to that of high-purity silica
glass.

(3) By comparison of the intensities of the 4.3 eV PL, it
is found that the density of oxygen vacancy in SIMOX bur-
ted oxide is by far higher than thermal silicon oxide. This
seems to be a reason of deviating behavior of SIMOX.
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Abstracts. In this paper, we review and examine paramagnetic defect centers in amorphous SiO,

induced by excimer lasers, ¥ rays, and mechanical fracturing. Correlation between the paramagnetic
defect centers and their precursors introduced during manufacture is discussed for the cases of

excimer lasers and 7 rays. For the case of mechanical fracturing, formation of strained Si-O-Si bonds

as well as paramagnetic defects, is examined, Mechanism of laser- or 7 -induced paramagnetic defect
centers is compared with that of fracture-induced ones.

Introduction

Over the past several decades, numerous efforts have been devoted to understand basic mechanisms
involved in defect formation in amorphous Si0; (a-Si0,) [1], which is an important optical and
electronic material in modern technological applications. For example, a-SiO, has been used as core
of optical fibers, uv-grade optics for excimer lasers, and gate oxides for metal-oxide-semiconductor
devices. Optical and electronic properties of this material are in part due to the presence of latent
defects introduced during manufacture, which, upon charge trapping or radiolysis, can deteriorate the
performance of optical [2] and electronic [3] devices. Mechanical damage such as fiber drawing [4]
and fracturing [5] can also induce many defects in a-SiO,. Therefore, it is of considerable
importance to obtain a detailed understanding of the mechanisms and structures of defects induced by
various means.

In order to obtain the structural origins of these defects, electron-spin-resonance (ESR)
investigations have been extensively carried out on the radiation-induced defects in a-Si0, [1].
Although the ESR is limited to the study of paramagnetic defects, a recent advance in the vuv light
sources such as synchrotron radiation allows more detailed study of diamagnetic defects as well as
paramagnetic ones by means of optical absorption [6-11] and photoluminescence [12,13]
measurements in the uv-vuv regions.

The purpose of this paper is to review some of our efforts to understand the basic mechanisms
involved in the defect formations induced by lasers [11,14- 17], ionizing radiations [4, 18] and
mechanical fracturing [19]. Laser-induced defects in silica have been first reported using sub-band-
gap photons from excimer lasers [20]. Since then, motivated by technological applications such as
optics for excimer-laser lithography in the fabrication process of large-scale-integrated circuits, many
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researches have been directed to the defect formation mechanisms. Since diamagnetic defects are
typically introduced during manufacturing process of a-SiO,, they can serve as potential precursors
for the paramagnetic defects. Therefore, a principal thrust of this paper 1s the characterization of the
diamagnetic defects and their conversion mechanisms into paramagnetic defect centers. We attempt to
explain their formation mechanisms on the basis of the location of the energy levels in the band gap of
a-Si0;. Finally, mechanical fracturing, another means to create paramagnetic defect centers will be
discussed in comparison with laser- and radiation-induced defects. Formation of strained bonds by
the mechanical fracturing is also discussed based on observation of the increased radiation sensitivity.

Experimental procedures

Samples used in the present study are high-purity silica prepared by the chemical vapor deposition
(CVD) soot remelting, CVD plasma, and flame hydrolysis methods. Ultraviolet (uv) and vacuum uv
(vuv) absorption spectra were measured using a conventional visible-uv spectrophotometer
(Shimadzu UV-160) and using a synchrotron radiation (SR) facility (0.38 GeV SR ring, Institute for
Solid State Physics, the University of Tokyo), respectively. Electron-spin-resonance measurements
were carried out at 77 K and at X band frequency using JEOL RE-2XG spectrometer. Fracturing was
carried out either by vibrating ball mill or by agate mortar and pestle, Fracturing, shifting, and the
sealing of the powdered samples into ESR tubes were done in N> gas atmosphere.

Review of the formation reactions of paramagnetic defect centers
First of all, we will briefly review proposed mechanisms of paramagnetic defect centers.

E' center. The E' centers, one of the best known defects in silica glasses, can be induced either
by the nonradiative decay of self-trapped exciton wherein an oxygen atom is displaced out of the
normal network [21,22]:

=8i-0-Si= — =8i - +'Si=  +0O-. (1)

or by the hole trapping at the site of preexisting oxygen vacancy [23]:

=Si-Si= > =§i - +*Si= + o 2)

Hydrogen and chlorine are the most common impurities in synthetic silica produced by plasma
oxidation or hydrolysis of SiCl 4 The Si-H and Si-Cl bonds, probable forms of these impurities, are

also regarded as the precursors of the E' centers according to the following reactions [14,15,24,25]:

=Si-H— =S« + - H, 3)
and

=8i-Cl— =Si - + « CL 4)

Oxygen hole centers (OHC's). As previously called "wet OHC", nonbridging oxygen hole
center (NBOHC) is considered to be induced from hydroxy! incorporated during manufacturing
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process [26]:

=Si-OH— =Si-0- + -H, )

Also in a low-OH oxygen-surplus silica, the NBOHC is proposed to be created from a peroxy linkage
[14}:

=5i-0-0-8i= » =Si-0- + - 08§i= (6)

Peroxy radical (PR), previously called "dry OHC", can be observed in low-OH oxygen-surplus
silica. It is thought that the PR can be formed by hole trapping on a peroxy linkage [27]:

=S8i-0-0-8i= — =8i-0-0 « + *Si= + ¢ ™
or by the reaction of interstitial molecular oxygen with an E' center [28]:
=S§i- +0, - =85i-0-0 - (8)

While the reaction of Eq.(8) is a diffusion-limited reaction which can be thermally activated above 200

°C, atomic oxygen induced as a result of photo-induced dissociation (h v > 5.1 eV) of molecular
oxygen can easily diffuse at room temperature and react with an E' center to form NBOHC [15,29]
and PR [15]:

0, — 20, ©)

=Si-+0—==$i0-, (10
and

=Si- +20— =Si-0-0 - . (11)

E'-NBOHC pair creation. Another class of precursor, a strained Si-O-Si bond, can be a
precursor for E-NBOHC pair creation in densified silica [30], mechanically stressed silica [19], and
undensified fluorine-doped silica [317:

(=Si-0-Si=)" — =8j+ + O-Si=, (12)

where the asterisk indicates a strained state in which bond length or angle is deviated from the normal
configuration.

Laser and Radiation Induced Paramagnetic Defect Centers
Precursors introduced during manufacture. As already mentioned, diamagnetic defects

introduced in the manufacturing process can act as precursors for the paramagnetic defects when
exposed to lasers or ionizing radiations. First, we will see the optical characteristics of these
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diamagnetic defects. Ultraviolet-vuy spectra of typical samples are shown in Fig.1. Characteristics of
these high-purity silicas are also shown in Table 1. Oxygen-deficient silica (OD2) exhibits an intense
absorption band at 7.6 eV, which has been ascribed to oxygen-deficient-type defects [7,8,13].
Oxygen-surplus silica (OS) exhibits a broad absorption tail around 7-8 eV, which has been ascribed
to either peroxy linkages [24] or O, molecules [29]. While both of these bands due to

nonstoichiometry cannot be seen in the high-OH silica (OH), an absorption tail due to = Si-OH bonds
[24] is observed as a shoulder
beginning at 7.5 eV.

Energy diagram of defect
precursors. Possible defect-creation
mechanisms are limited by the defect
formation energy or the electronic
structure of precursor defects. Shown
in Fig.2 is the schematic illustration of
the energy levels of preexisting defects
calculated by O' Reilly and Robertson
[32,33]. The valence band (VB) of a-
SiO, comprises the upper and lower

VBs, each corresponding to the oxygen
nonbonding and Si-O bonding states,
respectively. Energy gaps between the
conduction band (CB) and the upper
VB and between the CB and the lower

VB are shown to be ~9 eV and ~ 14
eV, respectively.

Table 2 shows defect species and their 15
concentration induced by 6.4 eV and 7.9 eV

photons, and by ®®Co 7 rays. These data show
that defect species are sensitive to the incident- 10
photon energy, as well as to the OH <
concentration and oxygen stoichiometry. T
Figure 3 shows the concentration of defects @
in oxygen-deficient silica (OD1) induced by 6.4 4
eV and 7.9 eV lasers as a function of pulse -
energy. The concentration of the E' centers
increases with the square of the laser pulse
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[
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o
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FIG.1 Vacuum ultraviolet absorption spectra of typical
types of silicas.

energy, as shown in the figure, where a log-log -5

plot of the pulse energy versus the defect

concentration gives a slope of 2. This indicates 10 ¥ S

that the laser-induced defect formation is =3-Si= =5.0.08i= =S0H =Si.H

determined by the two-photon process, which is pyG 2 Energy diagram of defects in a-SiO,
understood in terms of the cross-band gap

excitation of an electron in the VB to CB of a-Si0, (Eg~9 eV) [34].
Photon energy dependence can be understood in terms of the difference in the excitation processes
between the cases for two-photon absorption of 6.4 eV or 7.9 eV photons, or for 7 -rays. While the
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two-photon of 6.4 eV light can only create a hole in the upper VB, the two-photon absorption of 7.9
eV light and 7 irradiation can create a hole in the lower VB. This means that while the recombination
of the electron and hole (e-h) pair created by 6.4 eV excitation gives up energy of ~9 ev,

recombination of the e-h pair created by 7.9 eV or 7 -ray excitation can release an energy of ~14 eV,
Now, we examine the defect formation energy of each precursor, one by one. In the present case,

and interstitial pair by the nonradiative decay of self-trapped excitons, since it is only possible under
"dense excitation" using highly-focused excimer laser [22], which is unattainable in the present
experimental conditions.

Then, we will discuss the defect formation from precursors either by the electron rearrangement or
by the radiolysis. In the case of the electron Tearrangement, the reactions of Eqs.(2) and (7) are
induced by the hole trapping at site of the oxygen vacancy and the peroxy linkage, respectively.
Since =Si-Si= has a filled bonding state at ~0.5 eV above E,, the formation of the E' centers
through the reaction of Eq.(2) is expected following the hole creation in the upper VB. This means
that two-photon excitation by 6.4 eV light is sufficient to induce the reaction of Eq.(2). In fact, as
shown in Table 2, the E' centers are observed for the cases of both 6.4 eV and 7.9 eV lasers. On the
other hand, if we assume that the O-Si bonding state of peroxy linkage lies within the lower VB (not
reported in the literature), creation of a hole in the lower VB is required for the occurrence of the
reaction of Eq.(7). That is, at least an energy of 14 eV which is less than the two-photon energy of
7.9 eV light is required. Fig.4 shows the ESR spectra of oxygen-surplus silica exposed to 6.4 eV and
7.9 eV photons. It can be seen that the peroxy radicals (PRs) are only observed for the case of 7.9 eV
lasers. Fig.5 shows the change in the vuv spectra of the Oxygen-surplus silica OS by 6.4 €V and 7.9
eV lasers. While a notable change is not observed for 6.4 eV laser, a significant decrease of the 7-8
eV band is observed for 7.9 eV laser. The results of Figs.4 and 5 are consistent with the above-
mentioned prediction that two-photon excitation by 7.9 eV laser can induce the conversion of the
peroxy linkages into the PRs [Eq.(7)]. Gamma-irradiation can also create the PRs, as shown in Table
2.

In the case of the radiolysis, such as Eqs.(3)-(6), the occurrence is determined by the bonding
energy E o - o+ L 1€ the energy difference between bonding( ¢) and antibonding ( o *) states] of the
respective bonds. If the energy given up by the recombination of e-h pair exceeds the value of E

g-0
«» the occurrence of the reaction is possible. For example, the value of E o - o« 1S €stimated to be ~8
eV for the Si-H bond and ~15-20 eV for the O-H bond [35], respectively (see Fig.2). Therefore,
while the fission of the Si-H bond is expected by the two-photon absorption of 6.4 eV and 7.9 eV
lasers, and by 7 -irradiation, that of the O-H bond requires the two-photon absorption of 7.9 eV

laser or 7 -rays.
We cannot neglect the effect of one-photon process in the case of the precursors exhibiting an
optical absorption in the vuv region. For example, the formation of atomic oxygen from interstitial 0,

[Eq.(9)] can be subjected to the photon energy dependence, since the O, exhibits an intense

absorption (Schumann-Runge band [29]) around 7-8 eV (see Fig.1). In fact, as shown in Fig.4(b), a
component of C10, radicals can be only seen in the spectra of oxygen-surplus silica exposed to 7.9

eV photons [15]. The CIO, radicals can be formed by the reaction of atomic chlorine [from Eq.(4)]
with atomic oxygen [from Eq.(9)]:
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Cl+ +x0— CIO,. (13)

Therefore, the ESR results shown in Fig.4 indicate that one-photon process is involved for the Clo,

radicals in oxygen-surplus silica OS exposed to 7.9 eV photons. The possible occurrence of these
reactions discussed here is summarized in Table 3.

Fracture-Induced Paramagnetic Defect Centers

When mechanical stress is applied to a-Si0, by mechanical fracturing, paramagnetic defect centers are

induced as in the case of excimer lasers and ionizing radiations. Shown in Table 4 is a result of the
fracture-induced paramagnetic defect centers in various types of silica. When compared with the case

of lasers and 7 rays, one distinctive difference is the fact that both E' centers and NBOHCs are
induced by the mechanical fracturing for all samples investigated. Data in Table 4 show that almost a
similar number of E' centers and NBOHCs are induced for the relatively stoichiometric sample OH.
For the samples with the 5.0 eV absorption band, the E' center is observed in a greater number,
whereas for the sample with the 3.8 eV band, the NBOHC is induced in a greater number.

If the normal glass network can be broken, the state directly preceding the bond cleavage, the
strained Si-O-Si bond, must have been induced within sample by the mechanical fracturing, In order

to check this hypothesis, mechanical fracturing, 7 irradiation, and thermal annealing were performed
in sequence for the relatively stoichiometric sample OH, as shown in Fig.6. Compared with the case

of 7 irradiation after the heat treatment, much larger numbers of E' centers and NBOHC:s are induced

.

by the 7 irradiation immediately after the mechanical fracturing. The schematic of Fig.7 explains
these phenomena. Mechanical fracturing creates strained Si-O-Si bonds in the glass network, while at

the same time some of the network is broken, forming paramagnetic defect centers, Subsequent 7
irradiation results in the formation of paramagnetic defect centers (E' centers and NBOHCs) from
these strained bonds. The heat treatment presumably anneals the defect pairs back to normal Si-O-Si
bridges, consequently forming stable bonds, which do not serve as precursors for any future
paramagnetic defect centers.

Conclusions

We have reviewed our studies on the paramagnetic defect formation in a-Si0, by irradiation with

excimer lasers, 7 -rays, and by mechanical fracturing. In the case of excimer lasers and 7 -rays,
paramagnetic defect species and their concentrations are strongly influenced by both the
manufacturing process and incident-photon energy. The influence of the manufacturing process can
be explained by variation in preexisting defect species which can serve as precursors for the
paramagnetic defect centers. The defect formation process can be understood in terms of the creation
of an e-h pair as a result of two-photon absorption, and subsequent hole trapping or recombination of
the e-h pair at the site of the precursors. The photon-energy dependence is explained in terms of the
energy levels of the precursor defects in the band gap of a-Si0,,. In the case of mechanical fracturing,

the Si-O-Si bond breakage results in the formation E' and NBOHC pairs. In addition to these
paramagnetic defect centers, strained Si-O-Si bonds are created, which brings about the enhanced
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sensitivity to subsequent 7 irradiation.
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Table 1. Sample list

Sample Characteristics Freparation Impuriies '
method OB [ppm] Cl {ppm]
CDI Oncygen deficient Plasma CVD 0.75 3200
. CVD sot

onz d

Oxygen deficient remelting NIx 0.3
oS8 Oxygen surplug Plasma CVD .46 370
o High-CH ,

(stoichiometric % Flame hydrolysis 1000 ND b

a: No optical abserption bands associated with oxyeen vacan o ink,
b: NID, not defected. Y8 ¢y or peroxy linkage [18].

Table 2. Defect species and their concentration inducedby 6.4 eV photens (fluence: 1.8x 113 Kem?®)y,
7.9 €V photons (flueace: 1.5x107 Jcm?), and $%Co ¥ -rays (total absotbed dose: 14x10* Gy)

Radiation Concenfration )
[0 cm ]
O s oH
B WBOHC PR E'  NBOHC PR E NBOHC PR
6deV 6.8 ND# ND 11 186 NI 5.7 ND ND
19eV 120 ND ND IS0 g 250 246 350 ND
T rays 6 ND ND 27 43 61 72 20 ND

& ND, Not detected.

b I3, Ddected but #t wes impossibleto determine the absolute cancentration due to the interference
with strang signals of PR and frapruity-related radicals.
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Table 3. Prramagnetic defect centers induced by 6.4 eV and 7.9 €V photons and by ¥ -rays, their
precursors, and oocurence, '

Paramagnetic
defect center Precursor Ocoarrence®
Deng 5
Sampk Type Species [mi? b4 e¥ 79eV °Co
T
ODI g;j:t =8i-8i= >108%  yeg yes yes
Bleenter ¢ Oxygen  _____ T TTTTTTTTTTTTTIYTe
(=Si -} OB g  SOSIE TR B yes yes yes
_________ e e
0S Sm);}glus =8i-( X108 ves yes yes
CH  High-GH =85i-{? ¥es yes ) —;;s— -
Oxygen
oS Surplus =85-0-08i= 71079 yes yes yes
NBOHC =g T
: ~ini7
(=8i-0-) =5i-40 107¢  ne yes yes
CH  High-CH =8i-OH BxfObf ne yes yes
PR Cxygen '
= — i7d
(=S-00+) 0s Surplus =8-008i= x10 no yes yes
0,220 ST

a: Possibility of the reaction occurrence an the basis of the eacrgy diagram (sec text and Fig 2)
b: Estimated using absorption cross section of 8x10-77 cm? for =8i-Si=(Ref.[7])

¢: Estimated by assuming that all chlorine exigsin the form of =8i-C1

d: Ref [18]

e: Ref [29]

f: Estimated from IR absarption at 3650cm ™.

Table 4. Fracture-induced paramagnetic ceatersand uv absorion in as-marufactured samples.

E' cent NEBOHC :
Manufac- a OH 0‘31:3“-" B Absarption
Samqle turing Type fppml  [ppm] [10 [10 [as manufactured)
method spinsfem®]  spinsfem’] {evl
High-OH
oH | TAMe  jichi- free 1000 53 55 None
hydrolysis ometric)
ArO,  (nygen . -
os OYEN 330 045 58 75 3.8
0D} Arphsm  Gooor 12000 kee 95 6.3 5.0
ODi  Arplasma O0ER 400 33 69 13 5.0
oy @ Oxygen
» , plasma Deficiant 340 free 144 11 5.0
opg CVPmot Ougen o L & 8.8 5.0

remelting  Deficient
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Introduction

Recently, with the scale reduction of very-large-scale-integrated (VLSI) circuits,
the quality of gate oxide, which determines such electric properties as breakdown
voltage, has become a serious problem. In this situation, defects included in gate oxide
are considered to be the most important factor affecting the electric properties of the
oxide. Inevitable processes, which induce damages in the gate oxide, exist during the
fabrication of metal-oxide-semiconductor (MOS) devices. The ion-implantation
process through the gate oxide is one representative of such examples [1]. Since
degradation of electrical properties is caused mainly by defects, a study on the defects
induced by implantation is very important [2]. However, as for the characterization of
the defects existing in thin silicon dioxide (Si0,) film, a sufficient method has not
been established to elucidate the nature of the defects existing in the film. The
electron-spin-resonance (ESR), which has been commonly applied to the
characterization of SiO,, is only applicable to paramagnetic defects such as E' center
(O3=S1 + ). However, for diamagnetic and ESR-inactive species such as the oxygen
vacancy (O3=Si-Si=03), there has not been a good characterization method, although
photoluminescence (PL) and optical absorption have been proved to be powerful
methods for bulk silica glasses. In this paper, we report PL spectra from P*- or B*-
implanted thermally grown SiO, film obtained by synchrotron radiation and excimer
laser, and discuss the nature of the defects induced by the ion implantation.

Experimental Procedures

The SiO, films used in this study were thermally grown in dry oxygen at 1000 C
on Czochralski p-type (100) Si, and then P* or B* ions were implanted under various
conditions. While B* ions were implanted with an acceleration energy of 30 keV to

doses from 10" to 1016 jons/cm?, P* jons were done with acceleration energies from
40 to 80 keV to doses from 10" to 106 ions/cm?.

The PL measurement was carried out under excitation by a KrF excimer laser
(wavelength: 248 nm, pulse width: ~20 ns) in the temperature range from 88 K to
foom temperature. The PL spectrum was observed by a multichannel detector
equipped with a water cooling system. When the measurement was carried out at low
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temperatures, the sample chamber was evacuated to vacuum to prevent from
condensation of impurities on the sample surface. The PL decay kinetics in the 4 s
range was studied under excitation by the KrF excimer laser, while that in the ns range
was studied by a time-correlated single photon counting technique using synchrotron
radiation under single-bunch operation utilized at BL7B line of UVSOR (Institute for
Molecular Science, Okazaki, Japan).

Results and Discussion

Figure 1 shows typical PL spectra taken at room temperature and 88 K from p*-
implanted thermally grown thin SiO, film with an acceleration energy of 80 keV to a
dose of 10'3/cm?. Three PL bands are observed at 294 nm (4.3 eV), 465 nm (2.7 eV),
and 650 nm (1.9 eV). These three PL bands can be observed in all the samples used
in this study. The apparent peak at 590 nm is not a real peak but the halftone of the PL
peak at 294 nm, since this peak disappeared by cutting photons with wavelengths
shorter than 390 nm. The PL bands at 294 nm and 650 nm increase their intensities as
the measurement temperature decreases, while the band at 465 nm decreases.

For each PL peak, the decay profile was measured. Figure 2 shows the decay of
the 4.3-eV PL band excited by synchrotron radiation in the P*-implanted SiO, (80 keV,
10'%/cm?) at 20 K. The decay is deviated from a single exponential function, and can
be expressed by following equation:

I(t) =1, exp(-at-2bt"") (D
Here, a and b are constants and the above equation is known to hold for the PL decay
kinetics, if quenching occurs by energy transfer from the donor (excited radiative
center) to the acceptor (quenching center) [3]. Quite a similar decay profile was
observed for all the other ion-implanted samples.

Figure 3 shows the decay profiles of the PL band at 2.7 eV measured at room
temperature for the samples with different doses. The acceleration energy was 80 keV.
For all the samples, the 2.7-eV PL decays exponentially, if the initial rapid decay 1s
discarded, regardless of the ion implantation condition. The decay time becomes
smaller with an increase in the dose. It is 6.5 ms for the lowest-dose (10'*/cm?)
sample and 5.0 ms for the highest-dose (10'%/cm?) sample. However, the decay time
scarcely depends on the acceleration energy (data not shown). Shown in Fig. 4 are the
decay profiles of the PL at 1.9 eV, measured at various temperatures from 88 K to 280
K. The 1.9-eV PL shows a single exponential decay with the decay constant of 12 s
at 88 K. The decay profile begins to deviate from single exponential as the
measurement temperature increases. Such a tendency is observed for almost all the
ion-implanted samples, regardless of the difference in the implantation condition.
However, the highest-dose (1016/cm2) samples seem to have slightly different spectral
shape and decay.

It is well known that the ' oxygen -deficient' silica glasses have two PL bands, which
are attributed to the oxygen vacancy, at 2.7 ¢V and 4.3 eV. The properties of these PL
bands, including the temperature dependence of PL intensity and the decay profile
[4,5], are very similar to those of the PL bands observed in the present ion-implanted
Si0, film. Therefore, it is considered that the two PL bands at 2.7 eV and 4.3 eV of
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the ion-implanted SiO, film have the same origins as those of the oxygen-deficient
silica glass. The 4.3-eV PL and the 2.7-eV PL are due to the transition from the
excited singlet state to the ground singlet state and from the excited triplet state to the
ground singlet state, respectively, at the oxygen vacancies induced by ion implantation.
This is consistent with the many reports suggesting that the oxygen vacancies are
induced by ion implantation in silica glasses [6]. As for the PL at 1.9 eV in the case of
bulk silica glasses, the non-bridging oxygen hole center (NBOHC, O3=Si-O - ) is
accepted to be responsible. It is natural that the laser photons with an energy of 5.0 eV
can excite the 1.9-eV PL since this PL is known to have an excitation band at 4.8 eV
in the case of bulk silica. The observed decay time of the 1.9-eV PL in the present
study, 12 4 s, is well consistent with the reported value for bulk silica glasses [5].
Therefore, it is considered that the 1.9-eV PL is due to NBOHCs, except for the
highest-dose samples.

Conclusion

We successfully observed photoluminescence from P*- or B*-implanted thermally
grown silicon dioxide film and studied their decay kinetics. The following results
were obtained.
(1) Under the excitation of KrF excimer laser, three PL bands at 4.3 eV, 2.7 eV, and
1.9 eV are observed. As for the PL bands at 4.3 eV and 1.9 eV, the intensity increases
with an decrease in the temperature, while it decreases for the PL at 2.7 eV.
(2) From the similarities of the temperature dependence and the decay profile between
the present ion-implanted S10; film and the well-identified bulk silica glass, the two
PL bands at 4.3 eV and 2.7 eV are attributable to the oxygen vacancy (O;3=Si-Si=03),
while the PL at 1.9 eV 1s from NBOHC (03=Si-O - ).

This work was partly supported by a Grant-in-Aid [06452222] from the Ministry of
Education, and the Joint Study Program (1992-95) of the Institute for Molecular
- Science, UVSOR Facility. '
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It is known that structural change is induecd in Ge-doped Si0,
glass when it is irradiated by 5eV photons. Although there have
been many reports about this phenomenon(Hosono et al., 1992, Mizrahi
&Atkins, 1992, Tsai et al., 1992 ), the reported structural changes
are not consistent. Since Nd:YAG laser, Hg/Xe lamp and KiF excimer
laser were used as the light source in these papers, Tsai et al.
inferred the inconsistency is due to the difference of the light
power. To elucidate the reason of discrepancy further, we observed
the absorption changes induced by KrF excimer lasers.

Sample rods(lam ¢ X [0cm) of 16e0,: 99510,(mol%)were prepared by
the VAD method The rod was cut mtoaplateofO&mnth1d<andpo1~
ished to an optical finish Two KrF excimer lasers with power of 200
nJ/pulse/cm2(HPE) and (. 5mJ/pulse/cm2(1PE)were used as light sources.

The change induced by HPE is much
bigger than that by LPE, when compared
at the same irradiated photon numbers.
¥oreover, the absorption change induced
by HPE is bleached by LPE irradiation
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OPTICAL ABSORPTION AND PHOTOLUMINESCENCE oF
DEFECTS IN GERMANIUM DOPED SILICA GLASSES
M. Fujimaki, Y Ohki, Waseda Univ., Tokyo
H¢_Nishikaﬂa - Tokyo' Metropolitan Univ. Tokyo;
K. Amazu Electrotechnlcal Laboratory, ‘Tbaraki;
and K. Muta ‘'Showa Electric Wire and Cable
Co.Ltd. Xanagawa "JAPAN,

Optical properties of Ge- doped silica glasses’
were investigated by means of optical absorption
and’ photoluminescence (PL) measurements T™wo '
optical absorption bands at 5.15 eV (241nm) and
6€-7 eV, and two PL bands at 3.1 eV (400 nm) “and
4.3 eV (290 nm) - were observed in the Ge doped
silica. Excitation bands for both PL ‘bands are
located at 5.1 eV and 6-7 eV. The decay of the
3.1-eVv and 4. 3 ev PL bands are exponentlal
with time constants of *VL40 us and'~9 ns,
respectively Upon irradlation by a Krr¥ excimer
laser (248nm), the decrease in’ absorptlon around
5.06eV (245nm) and the increase in’ absorption
around 5.6 eV and 4.4 ev. +were observeéd. “The
origin of these optical absorption and PL bands”
wil]l be discussed.
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Time-resolved Excited-state Absorption Measurement in Ge-doped SiO; Glass
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Excited-state absorption measurement in Ge-doped Si0» glass
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LEINME Ge K= Si0, #J Ak, BE, BIEMXT 7 A AOHEE LT, BECHVLNL, &6
10, BERRZHWD Ge F—7 Si0, HF AL, 77 A7 L—F 4 Y EBEERAOMEELTLEE R
EDT0D, SER 1T, ¥FANOBEXTHRGORE S BEHFED O XBNOREID S L7 T
DTHET B,
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