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which where then annealed at 1350 °C in an Ar + 0O,
atmosphere for 6 h. Such SIMOX wafers were found to
have a superficial Si layer ~350 to 360 nm thick and a BOX
layer ~85 to 90 nm thick. To investigate the effect of
postoxidation, samples postoxidized in O, of 1 atmosphere
pressure mixed with a trace of Ar at 1350 °C were also
prepared. The postoxidized samples have a thermal oxide
~650 nm thick on the top, with a Si layer ~60 to 70 nm thick
and a BOX layer ~125 to 130 nm thick underneath. From
the change in the BOX thickness by the postoxidation, it
was found that ~40-nm-thick BOX was newly added to the
original BOX. Here, the thickness of each layer in the
sample was measured by cross-sectional transmission elec-
tron microscopy.

For PL. measurement, the thermal oxide and the Si
overlayer were, respectively, removed by HF solution and
KOH solution to expose the BOX layer. The PL and PL
excitation (PLE) spectra were measured at room tempera-
ture under excitation with KrF excimer laser (wavelength
= 248 nm [photon energy = 5.0 eV], duration ~20 ns) and
synchrotron radiation (BL1B Line, Institute for Molecular
Science, Okazaki, Japan), respectively.

Since plasma exposure is known to activate effec-
tively ESR-inactive point defects into ESR-active species
(5, 6], the bared BOX layer was exposed to an Ar plasma
excited by an rf power of 13.56 MHz (power: 60 W, gas
pressure: 40 Pa). The induced paramagnetic defects were
analyzed by ESR (JEOL RE-2XG) at room temperature.
The observed derivative power absorption spectra were
numerically double integrated and compared to a standard
DPPH (1,1-diphenyl-2-picrylhydrazyl) sample to calculate
the defect density.

The dielectric breakdown tests were carried out using
samples with a MOS structure of Au/SiO,(BOX)/p-Si. The
breakdown strength was measured using a self-healing
breakdown method by applying a negative rectangular volt-
age pulse with a duration of 1 ps to the Au electrode. The
details are described elsewhere [7].

3. Results and Discussion

3.1 Effect of internal oxidation on the oxygen
deficiency of BOX

Shown in Fig. 1(a) is the PL spectrum excited using
5.0-eV photons from the KrF excimer laser, measured for
the BOX layer before the postoxidation. Two PL bands at
4.3 and 2.7 eV are seen. Figure 1(b) shows the PLE spec-
trum for the 4.3-eV PL band. Two PLE bands at 5.0 and
~1.5 eV are observed. Such PL and PLE bands are attrib-
uted to the neutral oxygen vacancies (NOVg, 03=8i-Si=0,,
“=" denotes three separate bonds to oxygens) [8], and they
strongly indicate that the sample is oxygen-deficient. Since
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Fig. 1. PL spectrum induced by 5.0-eV photons (a) and
PL excitation spectrum for the 4.3-eV PL (b) from the
BOX before the internal postoxidation.

identical PLs were also observed in the BOX formed by a
different dose (2 x 10'® cm™?) [9], oxygen deficiency is an
inherent feature of BOX.

In order to examine the spatial dependence of PL
intensity, the BOX thickness was changed by etching with
HF solution. Figure 2 shows the intensity of the 4.3-eV PL
as a function of the remaining thickness of the BOX. The
open squares connected with dashed lines and the solid
circles connected with solid lines represent the BOXs be-
fore and after postoxidation, respectively. It is seen that the
intensity of the 4.3-eV PL from the entire BOX thickness
increases 1.6 times by postoxidation. Simultaneously, the

Increased part
(40 nm) of BOX by
Original part (90 nm) of BOX the post-oxidation

[‘ >|< —'

i ! M ] T

- 13- BOX before the post-oxidation
—&- BOX after the post-oxidation

1500

1000

500}

4.3 eV PL INTENSITY [ARB. UNITS]

PRV S |
0 50 100
REMAINING BOX THICKNESS [nm]
Fig. 2. Intensity of the 4.3-eV PL as a function of the

remaining BOX thickness for BOXs with and without
internal postoxidation.



BOX layer becomes about 1.5 times thicker. It is also
clearly seen that as the BOX thickness is reduced by etch-
ing, the PL intensity decreases in a perfectly similar manner
regardless of whether the sample was postoxidized or not.
Thus, it is concluded that the increase in the PL intensity
by postoxidation is merely due to the increase in the thick-
ness of the oxide, and that the degree of oxygen deficiency
of the increased part of BOX is about the same as that of
the original BOX. Another important indication of the
results obtained is that the present postoxidation does not
reduce the oxygen deficiency of the original BOX, despite
the report that a similar postoxidation process effectively
eliminated Si pipes [3, 4]. As will be described in the next
section, the present study has revealed that postoxidation
can eliminate the occurrence of breakdowns at extremely
low electric fields. This probably reflects the fact that Si
pipes had been eliminated. Therefore, postoxidation is con-
sidered to be unable to diminish the oxygen deficiency
completely, although it can oxidize the completely oxygen-
deficient Si pipes and make them insulating.

Figure 3 shows the ESR spectrum of the BOX layer
which was postoxidized and then exposed to the Ar plasma
for 30 min. The spectrum is assigned to the E; centers (O3=
Si'*Si=03, “-” denotes an unpaired electron). Since no ESR
signal was detected without the plasma exposure, it is
considered that the plasma exposure activated NOVs to the
: EY centers via the following reaction:

O,= Si-Si=0, = O,= Si’*Si=0,+ ¢ (1)

Figure 4 shows the relation between the areal density
of E; centers and the plasma exposure time for the two
BOX samples with and without postoxidation. For com-
parison, a similar relation for the thermal oxide, which was
formed as the sample’s superficial layer during postoxida-
tion, is also shown in Fig. 4. The areal density observed in
the sample whose increased part of the BOX had been
etched off is also shown. Furthermore, the BOX thickness
of the samples with and without postoxidation was reduced
by etching, and the areal density of the plasma-induced
E; centers as a function of the remaining thickness is shown
in Fig. 5. A good relationship is seen between the areal

9=2.000

[S—————

1mT

Fig. 3. ESR spectrum in the postoxidized BOX after

being exposed to Ar plasma for 30 min.
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density and the remaining thickness. In Fig. 5, the plasma-
induced density of E; centers observed after the increased
part of the BOX thickness had been removed is also shown.
This density agrees fairly well with the densities of the other
two samples with the same thickness. These results indicate
that the effect of plasma reached uniformly at least to a
depth of 130 nm. As for the thermal oxide, a comparison
such as shown in Fig. 5 was impossible since the number
of induced E] centers was small. Therefore, it is not clear
whether the effect of plasma reached over the entire oxide
thickness. However, the plasma seems to have some effect
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Fig. 5. Density of the plasma-induced E; centers as a
function of the remaining oxide thickness for BOXs with
and without postoxidation.



at a depth of 650 nm, since it shows the uniform effect to
the depth of 130 nm. From this viewpoint, the saturation
levels of the areal density for all of the samples are calcu-
lated and summarized in Table 1, together with their oxide
thicknesses and the apparent volume densities. The satura-
tion level of about 1.1 x 10'* cm™ of the postoxidized BOX
is higher by a factor of about 1.6 than that of about 7 x 10'3
cm™? observed for the BOX before the postoxidation. This
factor of 1.6 is again very close to the factor of the thickness
increase. When the increased part of the BOX by the
postoxidation was etched off, the saturation level became
about 6 x 10" cm™?, which is very close to the density
observed before the postoxidation. Furthermore, as shown
in Fig. 5, the postoxidation seems not to have a significant
effect on the relation between the areal density and the
remaining thickness. These results suggest that the increase
in the number of E; centers by the postoxidation is simply
explainable by the increase in the BOX thickness, similarly
to the case of the PL results shown in Fig. 2. This is quite
reasonable if we regard that a constant fraction (including
100% as an example) of NOVs were converted to E)', centers
by the plasma exposure.

Another important indication of Fig. 4 is the differ-
ence in the E; areal density between the BOXs and the
thermal oxide. This difference is actually significant if we
consider the apparent volume density shown in Table 1.
This agrees with our previous report that BOX formed by
the SIMOX process contains a far larger number of NOVs
than thermal oxide [9]. Since it is known that plasma
exposure activates NOVs to E,’ centers very effectively
compared with other activation sources such as x-rays and
y-rays [5, 10], the calculated apparent volume density
shown in Table 1 might be very close to the real density of
the precursors, namely, NOVs.

Table 1. Saturation level of E; centers for various SiOp

layers
Sample Thickness Areal density Volume
[nm] [10% em™?) density
{10 cm™}

BOX betore postoxidation 90 ~7 ~78
BOX after postoxidation 130 ~11 ~85
Postoxidized BOX after 90 ~6 ~67
removal of the

increased thickness

Thermal oxide 650 ~1 ~1.5

3.2 Effect of internal oxidation of the
dielectric strength of BOX

Figure 6 shows the results of dielectric breakdown
measurements of BOX. The two symbols in Fig. 6 are the
data of the electric field strength at breakdowns for the BOX
before the postoxidation with an oxide thickness of ~85 nm,
and for the BOX after the postoxidation with an oxide
thickness of ~125 nm. The breakdown strength increases
and then saturates with an increase in the total number of
breakdowns. It is clear that the number of breakdowns
occurring at extremely low fields below ~8.9 MV/cm is
decreased significantly by the postoxidation. This is very
important from a practical or engineering viewpoint, show-
ing that shorting defects such as Si pipes in the BOX can
be eliminated by the postoxidation [4].

On the other hand, the maximum breakdown
strength, which can be a measure of the intrinsic breakdown
strength as a physical limit of the material, decreases in
accordance with an increase in the BOX thickness induced
by the postoxidation. That is to say, the breakdown voltage
increased after the postoxidation, but the thickness in-
creased much more and became about 50% thicker. There-
fore, the breakdown field decreased. We have pointed out
that NOV is the defect causing the breakdown in SiO, [7].
However, since the density of NOVs was unchanged as
described in Section 3.1, the decrease in breakdown field is
not due to the increase in the number of NOVs. Rather, for
the following reasons, the fact that the breakdown field
becomes lower with a thicker sample is considered to be
quite natural for thin insulating samples such as the present
one. First, in order to understand the cause of the decrease
in the maximum breakdown field, its thickness dependence
was examined. The result is shown in Fig. 7, where it is seen
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Fig. 6. Change in dielectric strength during repeated
measurements of self-healing breakdowns for
BOXs with and without postoxidation.
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Fig. 7. The maximum dielectric strength as a function
of the oxide thickness for BOXs with and without
postoxidation. The solid curve shows calculated values
based on the single avalanche theory.

that the maximum breakdown field increases if the BOX
thickness is reduced by etching.

Assume that an electronic avalanche process [11] is
responsible for breakdown. Equations (2) and (3) hold if a
thermal breakdown process is negligible and if the break-
down is caused by a single avalanche triggered by electrons
injected from the electrode. According to Shockley’s equa-
tion [13], the ionization coefficient o is given as follows:

a=cexp(-&,/e LA) )

where c is a constant, €; the ionization energy for collisional
ionization, F, the breakdown field, and A the mean free
path. The number of electrons necessary to cause break-
down N, is given by

K=K exp(ad 3)

where Ny is the number of initial electrons and d is the
thickness. From Egs. (2) and (3), F, is given by

1
o= K Tegd + K. @
Here,
eA c Ne
&:z, K,‘,'-K,log(z) A=l°gpo‘) &)

The solid curve in Fig. 7 was obtained by calculating the
least-squares fit of the data points to Eq. (4). The values of
K and K; used were 5.42 x 107'% and 9.72 x 10, respec-
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tively. Since it is generally assumed that g; is about 1.5 times
the optical gap energy [14, 15] and since the optical gap
energy of Si0; is 8 eV, g; = 12 eV is substituted into the first
equation of (5). The mean free path X is then calculated to
be about 6.5 nm. This value is close to the values of the
mean free path of electrons, 5 to 6 nm for TEOS-SiO,
synthesized by the plasma CVD method [16] and 3.2 nm
for thermal oxide [17, 18].

In other words, this shows that the change in the
maximum breakdown strength in BOX can be explained by
the electronic avalanche model [11]. If the BOX thickness
becomes thicker by the postoxidation, the number of ava-
lanche multiplications that can be caused by the initial
electron will become larger. This makes it possible for the
avalanche to be multiplied to the number large enough to
cause breakdown. That is, the decrease in the maximum
breakdown field is a physically inevitable result that should
be produced by the electronic avalanche, and never indi-
cates that the degradation of film quality or the increase in
the defect density was caused by the postoxidation. Further-
more, the fact that the breakdown field obtained for the
remaining BOX of the postoxidized and etched BOX sam-
ple is the same as that obtained for the non-postoxidized
BOX with the same thickness agrees with the fact that the
PL intensity became almost the same if the increased BOX
part had been removed as shown in Fig. 2. This indicates
that the postoxidation does not have an influence on the
physical quanta that determine the maximum breakdown
strength.

4. Conclusions

The effects of internal postoxidation on the oxygen
deficiency of the BOX layer of the SIMOX wafer are
discussed. The important findings are as follows.

1. As aresult of postoxidation, the BOX thickness
increases. The PL and ESR measurements revealed that the
oxygen deficiency of the increased part of BOX is almost
the same as that of the original BOX, which is far more
oxygen-deficient than thermal oxide. The postoxidation
does not change the degree of oxygen deficiency of the
original BOX.

2. By the self-healing breakdown measuring
method, it has become clear that the number of low-field
breakdowns at an early stage is significantly reduced by
postoxidation. This suggests that weak spots such as silicon
pipes are significantly diminished by the oxidation, indicat-
ing the effectiveness of the postoxidation process in engi-
neering aspects. The maximum breakdown field decreases
on postoxidation. This decrease is an inevitable result of the
increase in oxide thickness, and is not related to the degra-
dation of material. From the thickness dependence of



breakdown strength, the mean free path of electrons is
estimated to be about 6.5 nm.
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We report the fabrication of long-period optical fiber gratings by use of a refractive-index increase induced
by ion implantation. Helium ions were implanted in an optical fiber core through a metal mask that had a
170-um-pitch grating with spacing of 60 um. We obtained a wavelength-dependent effective transmission loss
by use of the grating. © 2000 Optical Society of America

OCIS codes:  060.0060, 220.4000, 230.1480, 160.6030, 230.0230, 350.2770.

Long-period optical fiber gratings formed by periodic
refractive-index changes with periods of 100 um
to 1em in the core of an optical fiber work as
narrow-band optical filters, mode converters, Sensors,
etc. by coupling two copropagating fiber modes.!~®
Currently, these gratings are formed by refractive-
index changes induced by ultraviolet photon irradia-
tion." To fabricate high-performance devices requires
a high refractive-index change of ~0.001. However,
standard optical fibers usually do not have enough
photosensitivity for fabricating effective devices.
Therefore, special fibers, e.g., high-Ge-concentration
Ge-doped silica core fibers, are used to produce high-
performance devices.® If fabricating the gratings in
standard optical fibers is required, the fibers have to
be sensitized by Hy loading.”® However, there still
exist several kinds of optical fiber, such as pure silica-
core fibers, that do not show sufficient photosensitivity
even after sensitization.

It has been well known that relatively high
refractive-index increases of as much as ~0.01 can be
obtained by ion implantation in almost all silica-based
glasses® and that the refractive-index increases are due
mainly to compaction of the glasses.*® Therefore,
ion implantation makes it possible to fabricate optical
fiber gratings in almost all kinds of silica-based optical
fiber. In this Letter we report the successful fabrica-
tion of long-period cladding-mode-coupled gratings by
implantation of He ions in an optical fiber.

The optical fiber used in the experiment was a
Corning SMF-28 single-mode telecommunication fiber.
The core of the fiber was Ge-doped silica glass of
975i04:3Ge0s and had a diameter of 9 pm. The
core was embedded in a cladding of pure silica glass
with a diameter of 125 um. The fiber was implanted
with He®" ions at room temperature in a vacuum of
107 Torr through a metal amplitude mask by use
of the 1.7-MV tandem accelerator at the Université
de Montréal. The acceleration energy of the He ions
was 5.1 MeV, the maximum attainable. The mask
was made of Ni:Co and had 29 periods of 170-um-

0146-9592/00/020088-02$15.00/0

- implanted optical fiber.

pitch grating with 60-um spacing. Figure 1 shows a
schematic of the alignment of the mask and the fiber.
The transmission spectra of the fabricated gratings
were observed with a spectrum analyzer (Hewlett-
Packard 70951A).

Figure 2(a) shows a photograph of white light
transmitted through the cross section of the He-ion-
The bright circle at the
center is the light guided by the core of the fiber. The
luminous arc across the fiber indicates the region in
which the implanted He ions induced a significant
refractive-index increase. As shown in Fig. 2(b),
the depth of the arc from the optical fiber surface is
~24 pm, which corresponds to the projected range of
the 5.1-MeV He ions in silica glass. Since ions must
reach the core of the optical fiber to produce gratings
in the core, we etched the cladding of the optical fiber
with hydrofluoric acid (10% HF in H50) for 7 h and
prepared an optical fiber with a cladding diameter of
~53 pum, as shown in Fig. 2(c). Figure 3 shows the
transmission spectrum of the grating fabricated by the
ion implantation with a dose of 20 X 10'5 He2*/cm2.
Very sharp and effective transmission loss owing to the
coupling of the fundamental guided mode to a cladding
mode was observed at 1410 nm.

60 um 170 pm

L

Schematic of the alignment of the mask and the

\~ﬁ_¢

Fig. 1.
fiber.

© 2000 Optical Society of America
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He ions
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Fig. 2. (a) Photograph and (b) schematic of white light
transmitted through the cross section of the He-ion-
implanted optical fiber. (c¢) Schematic of the cross section
of the optical fiber that was etched with hydrofluoric acid.
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Fig. 3. Transmission spectrum of the grating fabricated
by use of ion implantation.

Transmission (dB)

As shown in Fig. 2, the induced refractive-index
increase, indicated by the arc, was not only in the
core but also in the cladding. This is so because the
ion implantation induced a quite-high refractive-index
increase even in pure silica glass. The refractive-

index increase in the cladding causes a problem for the
practical use of the gratings, because the fundamental
guided mode can couple not only to the symmetric
cladding modes but also to unsymmetrical ones, which
results in high background loss, as can be seen in
Fig. 3. However, this loss can be removed by use
of a mask with narrow spacing, through which ions
are implanted only in the core of the optical fiber.
Furthermore, with a mask that has ~1-um-pitch
gratings, this method can be applied to the fabrication
of Bragg gratings'' in optical fibers.

In summary, we have shown that long-period optical
fiber gratings can be fabricated by use of ion implanta-
tion. This method makes it possible to fabricate these
gratings in almost all kinds of optical fiber.
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Abstract. Photosensitivity of Ge-doped SiO; glass is closely related to defect
formation with ultraviolet photon irradiation. In the present paper, optical properties
of Ge oxygen deficient centers, which are involved in the defect formation, . are
reviewed. Furthermore, structures and generation mechanisms of the photo-induced
defects are discussed.

1. Introduction

The Bragg grating [1] and long-period grating [2,3], which are formed with periodical
refractive index changes in a core of an optical fiber, have been attracting much attention as optical
devices. The simplest application of the Bragg grating in telecommunication is as a reflector
[4-8]. Besides the reflector, the Bragg gratings are applied to semiconductor external fiber-cavity
lasers [4], fiber lasers [4,5,7,9], sensors [10-12], dispersion cancellation [13,14], and so on. The
long-period grating is used mainly as a band rejection filter [2]. To form the refractive index
modulation, ultraviolet (uv) photon induced retractive index change in Ge-doped SiO; optical fiber
core is utilized [1-3,15-17]. Therefore, it is very important to understand generation mechanisms
of the refractive index changes in the glass to fabricate the gratings with high performance and high
reliability. In the present paper, the photoinduced defect formations that contribute to the
refractive index changes are reviewed. Since it has been reported that Ge oxygen-deficient
centers (GODC’s) existing in oxygen-deficient type glass are responsible for the defect formation
that causes the refractive index change [18-21], the emphasis is placed on the review of researches
about optical properties of the GODC's.  Furthermore, mechanisms of uv-induced defects closely
related to the GODC’s are discussed.

2. Germanium Oxygen-deficient Centers

Oxygen-deficient type Ge-doped SiO- glass has intense absorption around 5.1 €V as shown
in Fig. 1. It has been revealed that the 5-eV absorption is composed of two GODC's [18]. One
is the neutral oxygen vacancy (NOV; =Ge-T=, = represents bonds with three separate oxygens and
T is either Ge or Si) with a peak position at 5.06 eV [18], and the other is the Ge lone-pair center
(GLPC; -—Gé—, ‘. .7 denotes lone-pair electrons) with a peak position at 5.16 ¢V [22].

By absorbing 5 ¢V photons, the GLPC shows two photoluminescence (PL) bands at 4.3 and
3.1 eV. The PL spectrum observed with KrF excimer laser photon excitation (5.0 eV) is shown in
Fig. 2. Skuja reported that the 4.3 and the 3.1 ¢V PLs are, respectively, due to the electronic
transition from the lowest excited singlet state (S;) to the ground state (Sp) and that {from the lowest
excited triplet state (Ty) to the Sy state {23,24]. The lifctimes of the 3.1 and 4.3 ¢V PLs werc
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Fig. 1. Absorption spectrum of an oxygen-deficient Fig. 2. PL spectrum of GLPC observed with
1yp;:$e-doped SiO ; glass with Ge content of 1.0 KrF excimer laser photon excitation.
mol o.

reported to be 113 us [23] and 9 ns [25],
respeeii-ely. As for the 3.1 eV PL, T T T
Gallagher and Osterberg [26] reported that
there is a delay roughly 10 us in duration
between the 5-eV-photon excitation and the
appearance of maximum PL intensity, and
they concluded that there exists an energy
transfer from an excited state in another
defect to the T, state in the GLPC. The
most  probable  candidate for the
ener;. -.+bing defect was reported to be
the NG+ iiiat has an absorption band at 5.06
eV. They also reported about the PL
excitation (PLE) spectra in the vacuum-uv
(vuv) region of the two PLs [27]. Based on 3 4 5 6 7
the observed result that the PLE spectrum of Photon encrgy (¢V)
the 3.1 eV PL extending below 215 nm was Fig. 3. PLE spectra of the 4.3 eV PL (2) and t}}ose

. . . of the 3.1 eV PL (b), at room temperature (solid
conspicuously absent in that of the 4.3 eV curves) and at 89 K (broken curves).
PL, they suggested that the PLE of the 3.1
eV PL in the vuv region is due to the
electronic transition from the valence band to the S; state of the GLPC. However, in a recent
research, we have observed a PLE band of the 4.3 eV PL in the vuv region [25]. The PLE spectra
of the two PL bands observed at room temperature and 89 K are shown in Fig. 3.  From this figure,
it is observed that the 4.3 eV PL has PLE bands at 5.1 ¢V and above 6 €V. The peak seen around
4.3 eV is not a PLE band but a scattered excitation light. From this figure, it is understood that
the 4.3 eV PL is stronger at 89 K than at room temperature for both PLE bands. The 3.1 eV PL
has two similar PLE bands at 5.1 and above 6 eV and an additional small PLE band at 3.7 €V.
When the PLE band at 5.1 eV is excited, the 3.1 eV PL is stronger at room temperature, but it
becomes weaker at room temperature when it is excited by the PLE bands at 3.7 and above 6 eV.

Figure 4 shows the temperature dependence of the two PL intensities excited by 5.0 eV
photons and 7.2 eV photons, respectively [25]. All signals are normalized by the maximum
intensity of the 3.1 eV PL. Within an experimental error, the data were consistent with those
shown in Fig. 3. When the PLs are induced by 5.0 ¢V photons, the 4.3 ¢V PL intensity decreases
while the 3.1 eV PL intensity increases monotonically with an increase in the measurement -
temperature.  In the case of 7.2 eV excitation, the 4.3 ¢V PL shows a similar lemperature
dependence to the one induced by 5 eV photons, while the 3.1 ¢V PL shows clearly different
temperature dependence. The 3.1 ¢V PL induced by 7.2 ¢V photons does not show a significant
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intensity change as seen in the PL induced
by 5.0 eV photons, though it shows a
blunt bottom around 200 K.

By using the energy diagram shown
in Fig. 5 with the transition rate constants
associated with the energy slates, we
explain the observed PL and PLE
properties. In the figure, k; and k, are
for radiative transitions and k" and k>’ are
for nonradiative transitions. As
mentioned above, the 4.3 eV and the 3.1
eV PLs are due to the electron transition
from the S; state to the Sy state and that
from the T, state to the S, state at the
GLPC, respectively.  The small PLE
band at 3.7 eV for the 3.1 eV PL is
assigned 1o the direct electronic transition
from the Sy state to the T, state [23,28].
The temperature dependence of the 3.1 eV
PL induced by the 5.0 eV photons
showing a weaker intensity at a lower
temperature is explainable by the
suppression of ks, i.e., the decrease in the
number of electrons which move into the
T, state thermally through the intersystem
crossing [23]. This phenomenon and the
suppression of the nonradiative relaxation
from S, to Sp (k1’) bring about a stronger
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Fig. 4. Temperature dependence of the 4.3 eV PL
(broken curves) and 3.1 eV PL (solid curves) excited
by 5.0 eV photons (a) and 7.2 eV photons (b). All
signals are normalized by the maximum intensities

of the 3.1 eV PL.

4.3 ¢V PL intensity (arb. units)

Upper state

J(ka
S, 0
~6 eV\

4.3eV
ky

ks

el

~7leV

5.1eV]

intensity of the 4.3 eV PL at the lower
temperature. k2

As for the upper state that
corresponds to the PLE band above 6 eV,
through the calculations using the rate
constants shown in Fig. 5 and the
observed results shown in Fig. 4, we have
tigured out the strong contribution of the
upper state to the 3.1 eV PL at low
temperature [25]. From the obtained
results, we deduced that the upper state is
the conduction band of Ge-doped SiO»
glass. Furthermore, by using a
pump-probe method with a KrF excimer laser as a pumping photon source, we have succeeded in
the observation of the absorption due to the electronic transition from the T) state to the conduction
band [29].

The formation of the GODC’s during the fabrication of the glass is mainly due to the
thermodynamics of the gaseous Ge redox reaction at a high synthesis temperature {30].  With
increasing temperature, reduction of GeOs is accelerated, which results in the promotion of GeO
lformation.  This leads to the formation of GODC’s in the glass. Treatment of Ge-doped SiO:
glass in a hydrogen atmosphere at a high temperature also increases the GODC’s concentration
[28,31]. The following reaction (1) indicates the mechanism of the gencration of the GLPC with
H. treatment at a high temperature reported in [22].

J
Sog -

Valence band

Fig. 5. Energy states of the GLPC. k, (n =1105),
k;"and k2’ denote the rate constants of the respective
transitions.
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—T=
;.>Ge/o + H, - e: +2HO-T= . (1)
SNo-T=
(GLPC)
In [32], it was also reported that the NOV is induced by thermal treatment at ~500 °C in a H,
atmosphere. It is also reported that heat treatment of the glass in a H, atmosphere at > 800 °C
induces Ge particles in the glass, resulting into brown coloring of the glass [32].

It has been reported that annealing in a N, atmosphere at 1000 °C increases the GODC
concentration in a Ge-doped SiO; thin film with highly inhomogeneous Ge distribution, but not in
a thin film with homogeneous Ge distribution [33].  This is because the deoxidization of
=Ge-0-Ge= is easier than that of =Ge-O-Si= or =S$j-0-Sj= [18].

3. Germanium-related Paramagnetic Centers

lonizing radiation induces Ge paramagnetic centers in Ge-doped SiO, glass. In 1974, four
types of paramagnetic centers were distinguished, and it was supposed that the paramagnetic
centers had a structure similar to the Si E’ center (=Si ¢, where "*" denotes an unpaired electron
[34-36]) [37]. They were named Ge(n) centers (n=0,1,2,3), where n represents the number of Ge
atoms in the next nearest neighbors. This interpretation was based on comparison of
paramagnetic centers among crystal and glass samples of GeO, with a small content of Si and those
of' SiO; with a similar content of Ge. '

In subsequent investigations on electron spin resonance (ESR) hyperfine structures in
73Ge-doped SiO; glass, structures of two different paramagnetic centers were revealed: one is
germanium electron center (GEC, where an electron is trapped at a fourfold-coordinated Ge) and
the other is Ge E’ center [38,39]. The latter is an analogue of the Si E’ center. The ESR signal
of GEC corresponds to Ge(1), and that of Ge E’ center corresponds to Ge(3). In [40] and [41], the
authors of [37] agreed with the GEC and Ge E’ center models, and modified the models of Ge(1)
and Ge(2) as the GEC that has 4 Si atoms at the next nearest neighbors and the GEC that has 3 Si
atoms ard 1 Ge atom at the next nearest, respectively.  Figure 6 shows the ESR signals of the
paramagnetic centers.

As the structure of Ge(2), another
assignment has been reported in [42]. In the
report, v using Ce™ as a probe ion, the g=2.0012 1 mT
generation of the paramagnetic centers was
investigated. Cerium enters into SiO, and
Ge-doped SiO, glass mainly in the form of
Ce™ and is photoionized readily when excited
in its absorption band of 320 nm, donating
electrons in the process [43,44]. Through
investigations about induced absorption and
ESR spectra, "it was found that selective
photoionization of Ce™ generates Ge(1)
(=GEC), while Ge(2) is not induced by the

(b)

ionization.  From the results, the authors of \ \

[42] concluded that Ge(2) is a hole center at a Ge(l) G2

GODC that acts as an electron donor to g=1.9933 £=1.9866
gencrate the GEC in the case that there are no Fig. 6. ESR spectra of the paramagnetic centers.
clectron donors such as Ce™. We have also (@) Ge(3). (b) Ge(1) and Ge(2).

investigated the defect structure of the Ge(?)
and concluded that the Ge(2) is positively
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charged GLPC [=(GLPC)"] [45]. The details are discussed in the next section.

These paramagnetic centers have absorption bands. The Ge E’ center has an absorption
band around 6.3 eV with the oscillator strength of 0.5 [46]. With the generation of GEC, two
absorption bands around 4.4 and 5.8 eV are induced. These two absorption bands were,
respectively, assigned to Ge(1) and Ge(2) in [40,47). However, in a recent research, it was found
that the 5.8 eV absorption band is induced by KrF excimer laser photon irradiation in H,-loaded
Ge-doped SiOs glass, while the Ge(2) is not.  This result indicates that the 5.8 eV absorption band
is not due to the Ge(2) [48]. Since the Ge(1) (=GEC) is induced in the H,-loaded sample by the
irradiation and it has been reported that both the intensities of the 4.5 and 5.8 eV absorption bands
are proportional to the concentration of Ge(1) [45], it is concluded that both of the absorption
bands are due to the Ge(1) [48].

4. Ultraviolet-induced Defect Formation

Photoinduced absorption changes accompanied with the induction of the paramagnetic
centers cause the photorefractive index change through the Kramers-Kronig relation [21,49], which
is utilized for the Bragg grating and long-period grating. Therefore, many studies have been done
to elucidate the generation mechanisms of the paramagnetic centers.

In [18], a linear relation was found between the decrement in the intensity of the 5.06-eV
absorption band and the concentration of the uv-induced Ge E’ center. This relation was a basis
for attributing the defect responsible for the 5.1 eV absorption component, NOV, to the precursor
of the uv-induced Ge E’ center. The photochemical reaction is expressed as follows:

=Ge—T= (I=GeorSi) > =Ge* + "T= + ¢ . (2)

NOV Ge E' center
In this report, the oscillator strength of the NOV at the 5.06 ¢V absorption band was evaluated to
be approximately 0.4 from the decreased intensity of the absorption band and the induced density
of the Ge E’ center that corresponds to the decreased density of the NOV.

If the random distribution of Ge atoms in the glass is assumed, the most probable NOV is
=Ge-Si=. Since the electronegativity (1.8 on the Pauling scale [50]) of Ge** is the same as that
(1.8) of Si**, it is reasonable to expect that both the Si E’ center and Ge E’ center are created during
uv-irradiation. However, only Ge E’ center is observed experimentally in the glass after
uv-irradiation [18,51]. In Ge-doped SiO, glass, there exists a Ge-rich phase, which was observed
with a scanning electron microscope [52] and a transmission electron microscope [51]. The
discrepancy between the prediction from the random distribution and the experimental observation
can be explained by the existence of the Ge-rich phase in glasses, i.e., the NOV’s exist in the
Ge-rich phase and consequently they are coordinated by two Ge atoms.

Induction of the GEC is also very important for the refractive index change. It has been
reported that the GEC’s are induced by strong uv-photons from ArF (6.4 eV), KrF (5.0 eV), or
XeCl (4.0 €V) excimer laser through a two-photon process [53-55].  The GEC's are converted to
the Ge E' centers with prolonged uv-irradiation [S5].  Since the precursor of the GEC is a fourtold
coordinated Ge (a normal bonding Ge in GeO,-SiO,), the conversion means that a normal bonding
in the glass becomes the Ge E' center via GEC. The Ge E' center that has a large absorption at 6.3
eV is the most stable paramagnetic center in Ge-doped SiO; glass. Therefore, the series of the
photochemical reaction (normal bonding—=GEC->Ge E' center) should cause a stable refractive
index change. However, the generation mechanism of the GEC, especially the electron donor to
generate GEC, is still debated. The electrons released from the NOV's (see Eq. (2)) do not
generate the GEC, since the generation of the GEC is independent of the photo-chemical reaction
indicated in Eq. (2).

As mentioned above, it was reported that the lowest energy required to induce the GEC was
8.0 ¢V, through the two-photon excitation of 4.0 ¢V photons from a XeCl excimer laser [53,55].
Since the energy, 8.0 ¢V, is bigger than the encrgy gap ol Ge-doped SiO, glass (7.1 ¢V), the authors
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of [55] concluded that electrons excited from the valence band to the conduction band form the
GEC. Since the lone-pair electrons of the bridging oxygen in GeO,-SiO, network form the upper
level of the conduction band, the authors of [55] assigned that the electron donor is the bridging
oxygen. However, in [45], we have shown that the threshold photon energy to generate the GEC
iIs ~5.6 €V, which is much smaller than the band gap. Furthermore, through an investigation of
the correlation between concentrations ot photoinduced GEC and intensities ot absorption changes
in four different samples with different Ge contents, we tound that the increase in the GEC
concentration is always proportional to the decrease in the 5.1 eV absorption band irrespective of
the samples [45]. This result clearly indicates that the electron donor is a GODC that has an
absorption band at 5.1 eV. From the proportionality constant between the increase in the GEC
concentration and the decrease in the 5.1 eV band intensity, the oscillator strength of the 5.1 eV
band is calculated to be 0.1.  Since the GODC that has 5.1 eV band with the oscillator strength of
0.1 is the GLPC [18], it is deduced that the electron donor is the GLPC.  As reported in [55], the
bridging oxygen can also.be an electron donor. However, since the GEC is hardly induced in a
glass without the 5.1 eV band, the contribution of the bridging oxygen is quite small.

The GLPC that released an electron becomes the (GLPC)". Since the (GLPC)" is a
paramagnetic center, it should be detected in an ESR measurement. The observed signals in the
experiment in [45] were only the Ge(1) and Ge(2), where the Ge(1) has been assigned to the GEC
as mentioned above. Therefore, the Ge(2) should be the (GLPC)". It might be unreasonable to
assign the Ge(2) signal, whose g value is smaller than 2.0023, to a hole center. However, it has
been reported that the defect which shows the Ge(2) signal acts like a hole center [42].
Furthermore, a trapped hole on Sn** shows the ESR signal with g values smaller than 2.0023,
gy=1.972 and g, =2.000, where Sn* indicates the Sn lone-pair center in tin oxide [56]. Since Sn
is a congener of Ge, this fact supports the assumption that the Ge(2) signal is due to the (GLPC)’,
even though the g value is smaller than 2.0023.

It has been reported that the intensity of the 3.1 eV PL band that is due to the GLPC
decreases with photorefractive index changes {27,57-59]. The above-mentioned mechanism must
contribute to the decrement of the PL intensity. Furthermore, it has been reported that thermally
stimulated luminescence (TSL) is observed in KrF excimer laser photon irradiated samples [45].
The TSL spectrum is identical to the 3.1 eV PL of the GLPC. It was found that the GEC, which
was induced by the KrF excimer laser photons, decreases during the TSL measurement and that
this decrement is proportional to the TSL intensity [45]. As mentioned above, the electrons that are
to be trapped to generate the GEC’s are released from the GLPC’s.  Then, in the reverse reaction,
these electrons are thermally detrapped trom the GEC’s to regenerate the GLPC’s, and the TSL is
caused by an electronic de-excitation in such formed GLPC’s. The TSL phenomenon further
validates the model that the GLPC is the electron donor to generate the GEC.

As mentioned in the previous section, the Ge(2), i.e., (GLPC), is not observed in H-loaded
Ge-doped SiO, glass even after the laser photon irradiation. This is because the (GLPC)" is
terminated by hydrogen [48].  Therefore, the TSL is scarcely observed in H»-loaded glass.
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The effect of ozone annealing on the charge trapping property of Ta; Os/Si3Na4/p-Si capacitors was examined by measuring
high-frequency capacitance-voltage and thermally stimulated current characteristics. The results suggest that two types of
electron traps exist in the Ta,Os layer and that the ozone annealing efficiently eliminates them.
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1. Introduction

Recent integration of metal-oxide-semiconductor memo-
ries continuously requires the scaling down of capacitor di-
electrics, and pushes the conventional SiO; or SizNy films
close to the physical limit of dielectric strength in terms of
reduction in thickness. This has led to the study of materials
with a high permittivity used for capacitor dielectrics. Among
the high permittivity materials, tantalum pentaoxide (TayOs)
is considered to be an appropriate and technologically com-
patible material.!

Ta,Os can be fabricated using several methods such
as sputtering and chemical vapor deposition (CVD). For
the CVD methods, organometallic precursors such as
Ta(OC,Hs)s and Ta(OCH3)s are commonly used. The CVD-
deposited film exhibits a good step-coverage, which is impor-
tant in current ultra-large-scale integrated circuit structures.
However, it does have a problem in its large leakage cur-
rent.*® Recently, it has been found that the leakage current
can be decreased by a post-deposition treatment such as ox-
idation at high temperatures (650-800°C),%® ozone anneal-
ing,¥ ultraviolet ozone annealing,” and oxygen plasma an-
nealing.” The leakage current is considered to cause the de-
terioration of Ta,Os films and to form carrier traps. In this
paper, we report the effect of ozone annealing on the charge
trapping property of Ta,Os films grown on Siz N, barrier lay-
ers by a low-pressure CVD (LPCVD) method.

2. Experimental Procedures

Figure 1 shows the structure of the capacitor investigated
in this study. Silicon monocrystal wafers with a resistivity of
10 2cm were used as starting substrates. Boron implantation
(1x 10"*cm™2, 15 keV) was performed on the back of wafers
to provide a pt ohmic contact. Rapid thermal annealing at
900°C in a N; atmosphere for 30 min was used to activate the
implanted boron. The Ta,0s layer was deposited by LPCVD
using Ta(OC,H;)s as a precursor on a SizNy barrier layer that
had been grown by LPCVD on the silicon substrate. Some
samples were annealed in a stream of oxygen gas containing
ozone at 300°C for 5min. Both the as-deposited and ozone-
treated samples were then oxidized at 800°C for 30s in oxy-
gen using arapid thermal reactor. The Ta,Os and Si3Ny layers
were divided into small cells by chlorine etching and the local
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Fig. 1.
con.

Structure of capacitor examined. LOCOS: local oxidation of sili-

oxidation of silicon (LOCOS). The thickness, the equivalent
Si0, thickness, and the post-deposition treatment condition
of each sample are listed in Table I. The thickness was mea-
sured using an ellipsometer and observed in sectional images
taken using a scanning electron microscope. The equivalent
Si0;, thickness, which is the thickness of SiO, with the same
capacitance as that of the actual Si;N4/Ta,Os layer, was cal-
culated from the capacitance value measured using a high-
frequency capacitance—voltage (C-V) meter at 1 MHz. The
relative permittivity values of SiO, and SisN4 were assumed
to be 3.9'9 and 7.9,!” respectively. From these measure-
ments, the relative permittivity of Ta,Os was calculated to
be 28 = 3, which is quite a reasonable value.!? As an upper
electrode and its cover layer, TiN and Al, respectively, were
sputtered on the Ta,Os layer. Specimens S1 and S2 were used
to measure the leakage current, and S3, S4, S5, and S6 were
used for the measurement of charge trapping properties.

The charge trapping property was examined by C-V mea-
surement. The voltage was applied to the gate metal electrode
and was swept at a constant rate of 0.2 V/s.

The measurement condition of the thermally stimulated
current (TSC) was as follows. The poling voltage, from +4 to
+8V, was applied to the gate metal electrode and the sample
temperature was decreased from room temperature to —80°C.
After 15 min at —80°C, the power supply was removed and an
ammeter was connected. The current was measured while the
sample temperature was raised from —80°C to +120°C at a
constant rate of 2°C/min.

The leakage current was measured by applying a positive
or negative dc voltage while changing its value from O to 10V
in a stepwise manner with a step of 0.05 V. The holding time
at each step was 0.08s. The voltage was always applied to
the gate metal electrode and the p-Si side was grounded. The
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Table 1. Sample thickness, equivalent SiO; thickness, and treatment con-
ditions.
) Thickness Treatment conditions Equivalent Si0;
Specimen .
Si3Ny Ta;Os Ozone anncaling RTO thickness
S1 2nm . 3inm N 800°C. 30s 5.3nm
S2 2nm . 31lam  300°C,S5min 800°C, 30s 5.7nm
S3 3nm 10nm N 800°C, 30s 2.9nm
S4 3nm 20nm N 800°C, 30s 47 nm
S5 3nm 3lnm N 800°C, 30s 5.4nm
S6 3am 3inm  300°C, Smin 800°C, 30s 5.8nm

N: not annealed.

electrode area was 0.1 mm? for the C—V and leakage current
measurements, and 10 mm? for the TSC measurement.

3. Results and Discussion

Figure 2 depicts the leakage current characteristics for the
samples with and without ozone annealing. It is shown that
the ozone annealing is effective in reducing the leakage cur-
rent.

Figure 3 shows typical C~V hysteresis curves measured at
1MHz. Here, Ci, is the capacitance of the insulation layer
in which Ta,Os and Si3Nj are in series. The thickness of
the Ta,Os layer was about 31 nm. The gate voltage (Vi) was
swept from negative to positive at a constant rate of 0.2 V/s
and then swept back. Samples both with and without the
ozone annealing exhibit a counterclockwise hysteresis loop.
However, there are two differences between the loops of the
samples with and without ozone annealing: (i) a step appears
in the hysteresis loop of the ozone-treated sample, (ii) the flat
band voltage (Vgg) of the ozone-treated sample shifts more in
the negative voltage direction than that of the sample without
ozone annealing.

Regarding the reason for the hysteresis, two possibilities
can be considered based on the direction of the hysteresis
loop:

(1) The electrons appearing in the inversion layer built
at the silicon surface are injected into the insulating
Ta,0s/SisNy layer and are trapped there. The presence
of electrons with negative charges is equivalent to the
application of negative bias for p-Si. Therefore, the ca-
pacitance C increases. In the accumulation mode when
Vo < Vgg, the trapped electrons are ejected and move
back to silicon, and C ceases to increase.

(2) When Vg < Vgp (accumulation), holes appear on the
silicon surface and are injected into Ta,;Os/SisNs and
trapped, causing the decrease in C. They are then ejected
and move back to silicon when Vg > Vgp (depletion or
inversion).

The possibility of electron trapping was examined by mea-
suring C-V curves by changing Vg from inversion to accu-
mulation with various starting voltages in order to obtain the
right half of the hysteresis loop. If assumption (1) is true,
more electrons should be injected into the insulation layer if
Vs (>0) is higher. Figure 4 shows the results. Here, the start-
ing voltages of Vg were setto be 4, 5,6, 7, 8, 9 and 10V.
Note that seven curves converge into an apparently single line
in Fig. 4(b). When the ozone annealing is not applied, the
C-V curve clearly shifts to the right, i.e., the positive side,
with an increase in the starting voltage. On the other hand, the

H. KATO et al.

%]

i
-2 -1 0 1 2
Gate voltage [V]

Leakage current density [A/cm

Fig. 2. Comparison of the leakage current density between samples with
ozone annealing (solid curve) and without ozone annealing (broken curve).

C/Cin

Gate voltage [V]

Fig. 3. Comparison of C-V curve measured at I MHz between the capac-
itor with ozone annealing (solid curve) and without ozone annealing (bro-
ken curve). Capacitance (C) was normalized by capacitance (Cip) of the
Tap O5/Si3Ny insulator layer.

ozone-treated sample does not exhibit any shift at all. The re-
lationship between the starting voltage and the flat-band volt-
age Vpp estimated based on Fig. 4 for samples with and with-
out ozone annealing is shown in Fig. 5. On the basis of these
results, it is considered that electron trapping occurs only in
the sample not subjected to ozone annealing.

In order to confirm the distribution of electron traps, the
change in Vg (AVeg) in the hysteresis loop was measured
as a function of the thickness of the Ta,Os layer. The re-
sult is shown in Fig. 6. The effective trapped charge density
(Qep) calculated from the relation, Qe = —Cin A Vip, is also
shown. The value of Q. increases almost linearly with an
increase in the Ta,Os thickness. This fact indicates that the
concentration of electron trap centers is high in the vicinity
of the interface between the insulation layer and the silicon
substrate.

Next, the possibility of hole trapping was examined.
Figure 7 shows C—V curves measured for the samples with
and without ozone annealing. The curves were obtained by
sweeping Vg from various negative starting voltages in the
accumulation region to the inversion region so as to obtain
the left half of the hysteresis loop. From Fig. 7(a), it is clear
that the curve of the sample without ozone annealing does not
change at all, while the curve of the ozone-annealed sample
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ozone annealing, (b) with ozone annealing.
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Fig. 5. Relationship between Vgp and the starting voltage of sweep, ob-
served for samples with ozone annealing (solid circles) and without ozone
annealing (open circles).

shifts in the negative voltage direction as the starting voltage
becomes more negative. The change in Vip as a function of
the starting voltage is shown in Fig. 8. This result indicates
that hole trapping occurs only in the ozone-annealed sample.

The data shown in Fig. 7(b) also indicate another impor-
tant factor, in that the step in the C-V curve appears when
the starting voltage is below —7 V, and that the step width in-
creases as the starting voltage becomes more negative. The
step is considered to be due to the ejection of holes trapped in
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the depletion layer. The width of the depletion layer in the Si
substrate grows with an increase in Vg, which decreases the
total capacitance of the capacitor. However, if all the trapped
holes in the Ta,0Q5/Si3Ny4 layer are ejected into the depletion
layer, the growth of the depletion layer would cease and the
capacitance would become constant with an increase in Vg.
This is considered to be the mechanism of the step appearing
in the C-V curve.

The hole traps that give rise to the step are thought to be
induced by high electric fields, since the step appears when
the starting voltage (which is negative) is below —7V. Fur-
thermore, on the basis of the finding that the shift of Vg in
the negative voltage direction occurs even above —7V (at —
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to —6V) in the ozone-annealed sample, a different type of
hole trap from the one responsible for the step is thought to
be present in the ozone-annealed sample. In order to confirm
this, the C-V curve was repeatedly measured for the ozone-
annealed sample. First, the measurement was carried out from
—5V to 410V, and second, from —10V to +10V. For the
third and following measurements, the voltage was changed
from —5V to +10 V. The results are shown in Fig. 9. In the
first measurement, a normal C—V curve without any step ap-
peared. In the second measurement, the C—V curve shifted to
the left and a step appeared in it. In the third measurement,
a similar C-V curve with a similar step appeared, although
the starting voltage and measurement range were the same as
those of the first measurement. Exactly the same C-V curve
as obtained for the third measurement was observed repeat-
edly in the subsequent measurements.

Figure 10 shows the C-V curves measured before and af-
ter a dc voltage of —8 V was applied to the gate metal elec-
trode for 30's. Since the voltage was changed from =5V to
+10V, no step appeared in the C-V curve before the voltage
application. However, if the dc voltage was applied, the step
appeared. On the basis of these results, it is considered that
the application of negative voltage induces irreversible hole
traps in the ozone-annealed sample. In this respect, the nature
of these traps is different from the nature of the traps that act
as a simple reservoir of injected holes and that cause only a
reversible shift in the C-V curve.

It was found by secondary ion mass spectroscopy (SIMS)
that silicon, carbon, and hydrogen are present in the insulation
layers of all the samples and that the ozone annealing does
not affect their concentrations. However, aluminum pollution
of the Ta,Os layer was detected only in the ozone-annealed
samples. Since the irreversible traps are also observed only
in the ozone-annealed samples, there is a possibility that the
pollution is responsible for the traps.

On the basis of the results shown in Figs. 4 and 10, it is con-
cluded that the reason for the hysteresis shown in Fig. 3 dif-
fers for the ozone-annealed and non-annealed samples even
though the direction of the hysteresis loop is the same. In the
ozone-annealed sample, the hysteresis is due to hole trapping
in the accumulation mode and ejection in the depletion or in-
version mode, while that observed in the non-annealed sam-
ple is attributable to electron trapping in the inversion mode
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(curve a), second from — 10 to +10V (b), third from —5 to +10V (¢).
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Fig. 10. C-V curves measured before (broken curve) and after (solid
curve) application of DC voltage.

and ejection in the accumulation mode. This means that the
ozone annealing on Ta;Os reduces the number of electron
traps and increases the number of hole traps present in the
film.

Figure 11 shows TSC curves measured by changing the
positive poling voltage applied to the gate metal electrode.
The directions of TSC are opposite for the samples with and
without ozone annealing, although both samples exhibit two
TSC peaks at nearly the same temperatures around of 230 and
290 K. The charge quantity was estimated from the area sur-
rounded by the TSC curve for the two component peaks, and
their relationships to the poling voltage are shown in Fig. 12.
The two peaks show different dependencies on poling volt-
age, which indicates that they have different origins.

As mentioned above, the gate electrode was positively bi-
ased during the poling. Therefore, the p-Si was in the inver-
sion mode, and electrons are thought to have been injected
into the insulating Ta,Os/Si3Ny layer during the poling. Fur-
thermore, when the TSC was measured, the voltage was not
applied. Under this condition, the potential difference across
the insulating layer was caused by the difference in the work
functions between aluminum and p-type silicon. Therefore,
the energy band of the insulating layer bends as if the gate
electrode were positively biased. This is demonstrated in the
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above-mentioned results of C—V measurement. Namely, in
Fig. 3 or other figures showing C-V curves, C is always at
a lower level when V = 0. This shows that the p-type sil-
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icon is in the depletion mode at V = 0, and has a negative
potential against the gate electrode. Therefore, the direction
of the TSC should be from the gate electrode to the p-Si. The
measurement system used was connected in such a way that
this direction was recorded as negative.

The TSC observed for the ozone-annealed sample is neg-
ative i.e., the predicted direction, while it is positive for the
non-annealed sample. The following explanation is assumed
to be the mechanism of this TSC inversion. The electrons
injected into the insulating layer were trapped in the Ta,Os
layer, causing a significant distortion of the electric field. The
direction of TSC must be reversed if Ew < Es, where Ew de-
notes the field due to the difference in the work functions be-
tween the metal and p-Si, and Es the field due to the trapped
electrons. If this is the case, it is considered that a large num-
ber of electrons are trapped in the Ta;Os layer of the non-
annealed sample. The negative TSC in the ozone-annealed
sample shows that the ozone annealing decreases the amount
of electron traps. Here, the Si3Ny layer was deposited since
the layer is known to be an effective barrier that prevents oxy-
gen diffusion from the Ta;Os layer.!V Thus, it is thought to
be the Ta,Os layer and not the Si3Ny layer that was affected
by the ozone annealing. This is in accordance with the above
assumption that the electron traps of the non-annealed sample
are present in the Ta,Os layer.

Figures 6 and 12 indicate that the effective trapped charge
density and the TSC charge density are of the same order of
10-7 C/cm?. Figure 12 indicates that the ozone annealing
decreases the number of trapped electrons, while a compar-
ison of Figs. 4(a) and 4(b) also indicates a similar decrease.
Therefore, it is concluded that the ozone annealing reduces
the number of electron traps.

Previous studies*>!? suggest that reactive oxidizing
species such as ozone effectively reduce the density of oxy-
gen vacancies in non-treated TayOs films. It has been gener-
ally known that oxides such as Zn0, Ti0,, and SnO, behave
as n-type or p-type semiconductors, depending on whether
they are oxygen-deficient or oxygen-abundant.'® It is there-
fore considered that the reduction of electron traps and the
generation of hole traps by the ozone annealing is related
to the change of the stoichiometry of Ta;Os from oxygen-
deficient to oxygen-abundant. However, ozone treatment is
known to change a structural parameter such as the Ta-O
bonding length of Ta;O0s.!" The possibility of such a struc-
tural change being responsible for the reduction of electron
traps cannot be overlooked. With regard to the possibility that
impurities are responsible, the above-mentioned SIMS obser-
vation did not reveal any species whose density is reduced
by ozone annealing. Therefore, this situation does not seem
plausible.

4, Conclusion

The effects of ozone annealing on the trapping property of
Ta, 0s/Si3N4/p-Si capacitors deposited by LPCVD have been
examined. It is concluded that the ozone annealing efficiently
eliminates electron traps present in the Ta,Os layer but gen-
erates hole traps. A change in stoichiometry induced by the
ozone annealing is suggested as the mechanism.
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Thermal annealing effects on optical and structural properties of Ge-doped SiO, thin films prepared
by the chemical vapor deposition and flame hydrolysis deposition methods were investigated. The
thin film prepared by the former method showed inhomogeneous Ge distribution, and Ge
oxygen-deficient centers were observed. When it was thermally annealed at temperatures higher
than 800 °C, the Ge distribution became uniform. The concentration of oxygen deficient centers was
found to decrease with the thermal annealing in an O, atmosphere, while it increased with the
thermal annealing at 1000 °C in N,. This suggests that improvement of the film quality can be
achieved by thermal annealing. On the other hand, neither inhomogeneity of Ge distribution nor the
appearance of oxygen deficient centers was observed in the film prepared by the latter method, and
its film quality was scarcely affected by the thermal annealing. © 1999 American Institute of

Physics. [S0021-8979(99)02621-3]

INTRODUCTION

The telecommunication system using optical fibers has
been used all over the world and has performed the leading
role in intelligent communication networks. For further de-
‘velopment, fabrication of high grade, high performance, and
reliable optical devices is indispensable.

Germanium-doped SiO, glass has been utilized mainly
as a material for a core of an optical fiber. Ultraviolet (UV)
photosensitivity of Ge-doped SiO, glass has been attracting
much attention especially for the Bragg gratings' and the
second harmonic generation.2 It has been reported that the
photosensitivity of Ge-doped SiO, glass is mainly due to
photoinduced structural changes correlated with Ge oxygen-
deficient centers (GODCs).>”7 Quite a lot of research has
been carried out on the fabrication of devices in optical fibers
by UV photon irradiation.? 1% Recently, to integrate the sys-
tems, fabrication of optical devices on planar waveguides
with a Ge-doped SiO, core is being developed. To produce
high quality optical devices, it is very important to fabricate
planar waveguides with low optical loss. Therefore, im-
provement of the quality of the Ge-doped SiO, core is de-
sired.

Germanium-doped SiO, core layers can be manufactured
by conventional fabrication methods for large-scale-
integrated circuits. In this article, we have investigated the
quality of Ge-doped SiO, thin films prepared by the chemical
vapor deposition (CVD) method and by the flame hydrolysis
deposition (FHD) method on an amorphous SiO; substrate.
Furthermore, we show that improvement of the film quality
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can be achieved by thermal annealing after the film deposi-
tion.

EXPERIMENTAL PROCEDURES

Germanium-doped SiO, thin films of 96.5 Si0,:3.5
GeO,, with a thickness of 7 um, were prepared on amor-
phous SiO, substrates by the CVD and FHD methods, which
are called samples A and B, respectively. Thermal annealing
was applied to the samples in a N; or O, atmosphere at 1
atm.

Sample surfaces were observed using a Hitachi
$-2500CX scanning electron microscope (SEM). For obser-
vation, a Pt-Pd film of 12 nm thick was sputtered on the
surface and the sample was tilted at 45 degrees against the
electron beam. Defects in the sample were detected through
absorption spectroscopy from the visible-to-UV region with
a Shimadzu UV-3100PC.

RESULTS

Figures 1(a) and 1(b) show the surfaces of as-deposited
samples A and B, respectively. The surfaces are very
smooth. Then, they were etched in hydrofluoric acid (10%
HF in H,0) for about 20 min at room temperature. The
etched surfaces are shown in Fig. 2. The surface of sample A
is very rough and has island structures with a diameter of
~300 nm, indicating that sample A was not etched uni-
formly. On the other hand, sample B seems to have been
etched uniformly, since it keeps a smooth surface after the
HF treatment.

Next, sample A was annealed in a N, atmosphere at
800 °C for 5 h and then it was etched in the HF solution. By

© 1999 American Institute of Physics
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FIG. 1. SEM surface images of the as-deposited samples (a) A and (b) B.

the thermal annealing, the surface, which was smooth before
the thermal annealing as shown in Fig. 1(a), becomes rough.
The islands observed in Fig. 3(a) are about 100-250 nm in
diameter, and their number is larger than that observed in
Fig. 2(a). The surface of sample A becomes slightly rough
by the HF treatment done after the thermal annealing as
shown in Fig. 3(b), where the islands of ~1 um in diameter
are observed. By comparing Figs. 2(a) and 3(b), it seems that
the etching occurred more uniformly after the thermal an-
nealing than before.

As a next step, sample A was thermally annealed either
in an O, atmosphere at 800°C or in a N, atmosphere at
1000°C for 5 h. The surface observed was very similar to
Fig. 3(a). Then, the HF treatment was applied after each
thermal annealing. The surface observed this time was very
similar to Fig. 3(b). The same procedures of thermal anneal-
ing and HF etching were also applied to sample B. However,
no appreciable change was observed.

Figure 4(a) shows the absorption spectra of sample A
before and after the thermal annealing, while Fig. 4(b) shows
their thermally induced changes obtained by subtracting the
spectrum before the annealing from the one afier the anneal-
ing. The absorption at 5.1 eV, due to the GODCs,*'*! s
observed in the as-deposited sample. It decreases with the O,
annealing at 800 °C, but does not change by the N, annealing
at the same temperature. However, it increases drastically
with the N, annealing at 1000 °C.
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(b}

>
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FIG. 2. SEM surface images of samples (a) A and (b) B after being etched
by HF.

The absorption spectra of sample B before and after the
thermal annealing are shown in Fig. 5. The 5.1 eV absorption
is not observed in the as-deposited sample, and the absorp-
tion spectra are scarcely changed by the thermal annealing.
Especially, the induction of the 5.1 eV absorption, which is
observed in sample A with the thermal annealing in N, at
1000 °C, is not observed in sample B.

DISCUSSION

As shown in Fig. 1, the surfaces of as-deposited samples
A and B are smooth. As shown in Fig. 2, the surface of
sample A was inhomogeneously etched by the HF solution,
while that of sample B was etched uniformly. It is well
known that SiO, is soluble in HF but GeO, is not.'® There-
fore, the inhomogeneous etching of sample A means that the
Ge distribution in this sample is inhomogeneous, while the
uniform etching of sample B indicates that the Ge distribu-
tion is uniform.

As shown in Fig. 3(a), the surface of sample A becomes
very rough by the thermal annealing. It is natural to assume
that this is caused by the inhomogeneous distribution of Ge.
The conceivable mechanisms are as follows. A strong stress
may arise at the interface between the regions with different
Ge contents because of the difference in atomic size of Ge
and Si. The thermal annealing relieves the stress, which in
turn causes protuberances on the surface. The difference in
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24 ym

FIG. 3. (a) SEM surface image of sample A after the thermal annealing in a
N, atmosphere at 800 °C for 5 h and (b) that of HF etched sample A after
the thermal annealing.

thermal expansion between SiO, and GeO, may also cause
the rough surface during the thermal annealing. The surface
condition of sample B does not change with the thermal
annealing. This is because the Ge distribution in sample B is
originally uniform. ‘

The islands shown in Fig. 3(a) are smaller in size and
more in number than those shown in Fig. 2(a). This is prob-
ably because the HF treatment also solved the area of high
Ge content to some extent since there still existed Si0, in
that area. Therefore, it is considered that the size of the Ge-
rich area in sample A seems to be equal to the size observed
in Fig. 3(a), i.e., about 100-250 nm in diameter. It has been
reported that the size of Ge-rich area in bulk Ge-doped SiO,
glass is about 20 nm in diameter,'®!” much smaller than the
above values. It has been reported that the GODCs exist
mainly in Ge-rich areas.!” As shown in Fig. 4, the intensity
of the 5.1 eV absorption due to the GODCs is about 150
em™! in as-deposited sample A, which is relatively large,
compared with the intensities of absorption observed in
oxygen-deficient Ge-doped SiO, bulk glasses.3‘5‘l3‘l8‘19 In
this sense, both the absorption intensity and the size of the
inhomogeneous area indicate that the inhomogeneity of Ge
distribution in sample A is large.

As shown in Fig. 3(b), the surface of sample A after the
thermal annealing was etched more uniformly than the sur-
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face before the annealing. This is always the case regardless
of the annealing temperature and atmosphere. This result in-
dicates that Ge was thermally diffused and that the Ge dis-
tribution became homogeneous.

As seen in Fig. 4, the 5.1 eV absorption in sample A
decreases with the thermal annealing in O,. This is due to the
reaction of thermally diffused oxygen molecules with the
GODCs, which has been reported in bulk Ge-doped SiO,
glass.!>!? The thermal annealing in N, at 1000 °C increases
the 5.1 eV absorption drastically in sample A, while no sig-
nificant change is observed at 800 °C. In sample B, the N,
annealing does not induce the 5.1 eV absorption even at
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FIG. 5. Absorption spectra of sample B: as-deposited (curve A), annealed in
N, at 800 °C for 5 h (B). annealed in O, at 800 °C for 5 h (C), annealed in
N, at 1000 °C for 5 h (D).
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1000 °C. This difference is explained by the fact that deoxi-
dization of GeO, is easier than that of SiO,.” Since sample A
has inhomogeneous Ge distribution, the structure described
as “‘=Ge-0O-Ge=="" (where ‘‘="" denotes bonds with
three separate oxygens) is dominant in the Ge-rich areas.!’
On the other hand, Ge takes the form of “‘==Ge-0-Si=""
in sample B. Therefore, sample A is more easily deoxidized
into the GODCs, causing larger absorption at 5.1 eV.

Photosensitivity of Ge-doped SiO, thin films is attrib-
uted to photoinduced defect formation and volume
changes.m21 The GODC strongly contributes to the defect
formation, and several methods to increase the GODC con-
centration have been reported.”*?® Since inhomogeneity of
glass structure increases light scattering and optical loss, fab-
rication of waveguides with uniform Ge distribution is pref-
erable. However, high photosensitivity to the defect forma-
tion cannot be obtained in a sample that has originally
uniform Ge distribution, since GODCs exist mainly in the
Ge-rich areas.!” In the present research, it is clearly shown
that the GODC concentration in a film with inhomogeneous
Ge distribution is controllable by choosing the thermal an-
nealing condition. Furthermore, it is also shown that the an-
nealing relaxes the inhomogeneity of Ge distribution. This is
good in point of optical loss. Therefore, the present findings
are valuable for the fabrication of high-performance
waveguides.

CONCLUSION

Thermal annealing effects on Ge-doped SiO, thin films
with homogeneous/inhomogeneous Ge distribution were in-
vestigated through absorption measurements and surface ob-
servation with SEM. In the sample with homogeneous Ge
distribution, no significant change was observed. However,
in the sample with inhomogeneous Ge distribution, the an-
nealing at temperatures higher than 800 °C makes the Ge
distribution uniform. The concentration of GODCs, which
originally existed in this film, decreases with the annealing in
O, at 800 °C, while it increases significantly by the annealing
in N, at-1000 °C. This means that the quality and UV pho-
tosensitivity of Ge-doped SiO, thin films are controllable by
thermal annealing.
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Photochemical reactions related to the Ge lone-pair center (GLPC) that are induced by KrF excimer laser
photons in H,-loaded Ge-doped SiO, glass have been investigated. Without the H, loading, the Ge electron
center (GEC) and the positively charged GLPC were induced by the laser irradiation. In the H,-loaded sample,
the GEC, the Ge E’ center, and the germyl radical (GR) were induced by the irradiation, while the positively
charged GLPC was not observed after the irradiation. If the Hy-loaded sample was thermally annealed after the
photon irradiation, the concentration of the photo-induced GEC decreased monotonically with an increase in
the annealing temperature. On the other hand, the concentration of the GR increased up to the annealing
temperature of 160 °C, and it decreased at higher temperatures. Without the pre-irradiation, the induction of the
GR was not observed even in the H,-loaded sample. From these results, it is concluded that the positively
charged GLPC is terminated with a hydrogen atom in the Hy-loaded sample and then becomes the GR by
trapping an electron thermally released from the GEC. [$0163-1829(99)05631-3]

L. INTRODUCTION

Recently, optical fiber gratings, where periodical
refractive-index change is fabricated by ultraviolet (uv) pho-
ton irradiation in the core of an optical fiber made of Ge-
doped SiO, glass,! have been expanding their applications to
various devices, such as optical filters,>™® sensors,’ 10 fiber
lasers,>~*!! dispersion eliminators,'>!* and so on. Many tri-
als, e.g., development of special fibers with increased Ge
concentration and/or codopants, have been made to increase
the refractive index change.14 However, it is often more de-
sirable to fabricate fiber gratings in standard optical fibers for
compatibility with existing systems. Low-temperature H,
loading is one of the most effective sensitization techniques
to increase photo-induced refractive index changes in stan-
dard optical fibers. Molecular-hydrogen-loaded Ge-doped
SiO, optical fibers exhibit markedly increased photo-induced
refractive index changes.”'17 Therefore, it is very important
to understand the photo-induced structural changes in
H,-loaded Ge-doped SiO, glass for the fabrication of high
performance optical fiber gratings.

It has been known that there are two types of Ge oxygen-
deficient centers in Ge-doped SiO, glass.18 One is the neutral
oxygen vacancy (NOV; =Ge—T==, == represents bonds
with three separate oxygens and T is either Ge or Si) and the
other is the Ge lone-pair center (GLPC; —Ge—, ‘o0 de-
notes lone-pair electrons).'® With uv photon irradiation, the
NOV becomes the Ge E' center (=Gee+ " T=, » denotes
an unpaired electron):'®

NOV—Ge E'centerte’ . N

By irradiation with uv photons of high-energy density, such
as KrF excimer laser photons, the GLPC is ionized and be-
comes the positively charged GLPC [(GLPC) " ]. 19 The elec-
tron released from the GLPC by the irradiation is trapped at
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fourfold coordinated Ge (abbreviated as GeO,4) and forms the
Ge electron center (GEC, GeO,):"

GLPC+GeQ,4—(GLPC)* +GEC. (2)

These uv-induced structural changes are accompanied by the
induction of absorption changes in the visible-to-uv region,
which in turn causes the refractive index changes through the
Kramers-Kronig relation.?*%!

It has been reported that the Ge E' center and the GEC
are also induced by photon irradiation in H,-loaded Ge-
doped SiO, glass.!®*? Not only the NOV but also the GLPC
becomes the Ge E’ center with a high dose irradiation of uv
photons in Hj-loaded Ge-doped SiO, glass.? In addition to
these paramagnetic centers, the germyl radical (GR), which
has the structure that H is bonded to the GLPC
(=GeH),??* is induced by uv photon irradiation. These
phenomena strongly indicate that the GLPC plays an impor-
tant role in the photo-induced structural changes. In the
present paper, in order to understand structural changes re-
lated to the GLPC in H,-loaded Ge-doped SiO, glass, we
have investigated paramagnetic centers and absorption bands
induced by KrF excimer laser photons and the changes in
their behavior by thermal annealing.

II. EXPERIMENTAL DETAILS

A 99S5i0,:1Ge0, glass rod, prepared by the vapor-phase
axial deposition method, was cut into disks having 0.3-mm
thickness and polished for optical measurements. Molecular
hydrogen loading was performed under a H, pressure of 170
atm for two weeks at room temperature. Hereafter, the
Hy-loaded and non-H,-loaded samples are called samples H
and N, respectively. A KrF excimer laser (Lambda Physik,
LPX 105i, 248 nm=5.0eV), with an energy density of 70
mJ/cm? per pulse, was used as a photon source. The absorp-
tion spectra from the visible-to-uv region were measured by

4682 ©1999 The American Physical Society
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FIG. 1. Absorption spectra before and after the KrF excimer
laser photon irradiation. The solid curve denotes the absorption
spectrum of the as-received sample N before the laser photon irra-
diation, which overlaps with the spectrum of sample H before the
irradiation in this scale. The inset shows the difference obtained by
subtracting the absorption spectrum of sample N from that of
sample H. The broken and the dotted curves denote the spectra of
samples N and H after the 30-pulse irradiation of the laser photons,
respectively.

a Shimadzu UV-3100PC spectrophotometer with wavelength
resolution of ~2 nm. The induced paramagnetic centers were
detected by electron spin resonance (ESR) with a JEOL
JES-PX 1060 spectrometer at the X-band frequency, and
their concentration was evaluated by comparing the double-
integrated intensity of the first-derivative spectrum with that
of the signal from a standard diphenylpicrylhydrazyl sample
of a known weight (the accuracy of the standard is believed
to be +20%). All the photon irradiation and the measure-
ments were done at room temperature.

1. RESULTS
A. Photo-induced structural changes

The solid curve in Fig. 1 indicates the absorption spec-
trum of the as-received sample, i.e., sample N before photon
irradiation. Absorption is observed at 5.1 eV, which is
known to be composed of the two absorption bands due to
the NOV (5.06 V) and the GLPC (5.16 €V).!® The inset
shows the difference obtained by subtracting the absorption
spectrum of sample N from that of sample H. A slight in-
crease in the 5.1 eV absorption is observed with the H, load-
ing. The broken and the dotted curves in Fig. 1, respectively,
show the absorption spectra of samples N and H after 30
laser pulses were irradiated. By subtracting the solid curve
from the broken and dotted curves in Fig. 1, the photo-
induced absorption changes in samples N and H were ob-
tained as shown by the solid curves in Figs. 2(a) and 2(b),
respectively. It has been reported that photo-induced absorp-
tion bands in a Ge-doped SiO, glass in the visible-to-uv re-
gion are well fitted with Gaussian shapes, and the parameters
of the Gaussian components have been well identified.!**-2°
Therefore, we applied Gaussian decomposition to the ob-
tained spectra. The broken curves in Fig. 2 denote the spec-
tral components obtained by the least-squares fitting with
Gaussian shapes. The synthesized line shapes, indicated by
the dotted curves, reproduce well the observed absorption
spectra. The intensities and the values of the full width at
half maximum (FWHM) of these absorption components are
shown in Table I. The instrumental errors for the values of
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FIG. 2. Solid curves indicate the absorption changes in samples
N (a) and H (b) induced after 30 laser pulses were irradiated. The
broken and the dotted curves denote the spectral components ob-
tained by the least-squares fitting with Gaussian shapes and the
synthesized line shapes, respectively. Note that the solid and the
dotted curves agree quite well with each other.

the peak positions and the FWHM’s are within 0.05 eV, and
those of the intensities are within 0.2 cm™!. The errors
shown in the table are due to the ambiguity of the calcula-
tion. As shown in Fig. 2, a decrease in the 5.1-eV absorption
and the induction of two absorption bands at 4.5 and 5.8 ¢V
are observed in samples N and H. In addition to these ab-
sorption changes, an absorption band at 6.4 eV, which is
considered to be due to the Ge E’ center,25 is observed in
sample H. A weak absorption band at 4.8 eV, which has not
been assigned yet, is also induced in sample H.

Figures 3(a) and 3(b) show the ESR spectra induced by
the photon irradiation of 30 laser pulses in samples N and H,
respectively. Two signals, named Ge(1) and Ge(2) that are,
respectively, assigned to the GEC and the (GLPC)*," are
observed in sample N. The sum of the concentrations of the
GEC and the (GLPC)™ is calculated to be 4.8% 107 cm™3.
The authors have confirmed that the concentration of GEC
and that of (GLPC)* induced in Ge-doped SiO, glass are

TABLE 1. Peak positions, intensities, and values of FWHM of
the absorption components induced in samples N and H.

Sample Peak position (¢V) Intensity (cm™!)  FWHM (V)
4.5 5.9 1.3
N 5.1 -7.2 0.4
5.8 10.2 1.2
45 6.9+0.5 1.3+0.1
48+0.1 1.1£05 0.4%0.1
H 5.1 -248+1.0 0.4
5.8 11.5+2.0  09+0.2 (1.2+0.1)*
6.4%0.15 9.0*+3.0 1.2+0.2

*The calculated value based on the Gaussian fitting to the result
shown in Fig. 5.
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FIG. 3. ESR spectra of samples N (a) and H (b) induced by the
irradiation of 30 pulses of laser photons.

equal when it is irradiated ug to a few tens of pulses with the
present KrF excimer laser."” Therefore, the induced concen-
tration is 2.4% 107 cm™? for both GEC, and (GLPO)". In
sample H, the ESR signais due to the GEC, Ge E’ center,
and GR are seen. The concentration of the GEC induced in
sample H is 2.6X 10" cm™, which is quite similar to that
induced in sample N. The concentrations of the Ge E’ center
and the GR are 0.6X 107 and 2.6X 107 cm ™3, respectively.
The fact that the Ge(2) signal is not seen in Fig. 3(b) means
that the (GLPC)* does not exist in sample H even after the
photon irradiation.

B. Thermal effects on the photo-induced structural changes

The following thermal annealing procedure was applied
to sample H after 30 pulses of laser photons had been irra-
diated at room temperature. First, the sample was annealed at
160 °C for 5 min, and the absorption and ESR measurements
were done at room temperature. This sequence of annealing
and measurements was repeated with a step of 20 °C until the
annealing temperature reached 300 °C. Figure 4 shows the
ESR results. The circle and square show the concentrations
of GEC and GR, respectively. The photo-induced Ge E’ cen-
ter in sample H scarcely changed its concentration with the
thermal annealing. As seen in this figure, the concentration
of GEC decreases monotonically with an increase in the an-
nealing temperature. On the other hand, the concentration of
GR increases with the thermal annealing at 160 °C, and then
it decreases monotonically. The thermal annealing was also
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FIG. 4. Changes in the concentrations of the GEC (circles) and
the GR (squares) in sample H with the thermal annealing following
the 30-pulse irradiation of laser photons.
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FIG. 5. Differential absorption spectrum of the photon-
irradiated sample H obtained by subtracting the spectrum before the
thermal annealing from the one after the total sequences of thermal
annealing.

applied to sample H which had not been irradiated with the
Jaser photons. In this case, induction of the GR was not ob-
served. This result indicates that the precursor of thermally
induced GR is a defect induced by the irradiation.

Figure 5 shows the differential absorption spectrum of the
photon-irradiated sample H before and after the total se-
quences of thermal annealing. The 5.1-eV absorption, which
was bleached by the photon irradiation, shows a recovery by
the thermal annealing. Decrease in the 4.5 and 5.8 eV bands,
which were induced by the photon irradiation, is also ob-
served.

Figure 6 shows the correlation between the decrease in
the concentration of GEC (— ANggc) and the increase in the
intensity of 5.1-eV absorption (Aas,), measured after each
sequence of thermal annealing. The open and closed circles
are for samples N and H, respectively, and the numbers next
to them denote the annealing temperature. For sample N,
A s, is linearly proportional to = ANGgc» while such a pro-
portionality is not observed for sample H.

IV. DISCUSSION
A. Photo-induced structural changes

The absorption changes shown in Fig. 2(a), which oc-
curred in sample N by the photon irradiation, can be ex-
plained by Eq. (2). Ionization of the GLPC into (GLPO)™*
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FIG. 6. Correlation between the decrease in the concentration of
the GEC (—ANgge) and the increase in the intensity of the 5.1-eV
absorption (Aas,;) measured after each sequence of the thermal
annealing. The open and the closed circles are for samples N and H,
respectively, and the numbers next to them denote the annealing
temperature.
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decreases the 5.1-eV band and the generation of GEC in-
duces the 4.5- and 5.8-eV bands.!®?% This view is consis-
tent with the result shown in Fig. 3(a). Since the Ge E’
center is not observed in sample N after the photon irradia-
tion, the photochemical reaction indicated by Eq. (1) does
not occur in sample N under the irradiation condition. The
decrease of GLPC (—ANgipe), ie., the induction of
(GLPC)™*, by 2.4X 107 ¢cm™ brings about the decrease in
5.1-eV absorption ( — Aas ;) by 7.2 cm™ ! shown in Fig. 2(a).
From these values, the oscillator strength of the GLPC for
the 5.1-eV absorption fg pc is calculated using the following
Smakula’s formula:

Nf=087x10"naw/(n?*+2)2, ®3)

where N is the defect concentration (cm_3), n the refractive
index of glass, a (cm™!) the absorption intensity at the peak
of the absorption band, and @ (eV) the FWHM. By substi-
tuting —ANgrpc of 24X 107 ecm™3, —Aas; of 72 cm™, n
of 1.46, and w of 0.4 eV, fg pc is calculated to be 0.09,
which is the same value as the one reported in Ref. 19. From
the result, the relation between ANgipc and Aas; is ex-
pressed as follows:

Aas;=3.0X 107 "X ANGLpc- @)

The concentration of GEC induced in sample H by photon
irradiation is 2.6X 10" cm ™. This indicates that this concen-
tration of GLPC disappears in sample H, which brings about
the decrease in 5.1-eV absorption. From Eq. (4), this de-
crease is calculated to be 7.8 cm ™.

The signal due to GR is also seen in Fig. 3(b) with a
concentration of 2.6X 10'7 cm™3. The precursor of the photo-
induced GR is the GLPC:*

GLPC+H—GR. (5)

Therefore, the decrease in the 5.1-eV band associated with
the generation of GR is calculated to be 7.8 cm™! by substi-
tuting ANgpc of —2.6X 107 cm™ into Eq. (4). Therefore,
the total decrease in the 5.1-eV band due to the loss of GLPC
becomes 15.6 cm ™.

As shown in Figs. 2(b) and 3(b), the Ge E' center is
induced in sample H. The NOV and the GLPC are the pre-
cursors of the Ge E’ center in a Hy-loaded Ge-doped SiO,
glass.22 However, in the present case, only 30 pulses of the
laser photons, which correspond to 2.1 J/cm?, were irradiated
to the samples. It is known that the GLPC does not change
into the Ge E' center with such a low dose.?? Therefore, the
observed Ge E' center was totally generated from the NOV.
The induced concentration of Ge E' center is 0.6
% 107 cm™3, which should be equal to the decreased con-
centration of NOV. Since the NOV shows the absorption at
5.1 eV with @ of 0.4 eV and f of 0.4, by using Eq. (3) the
decrease in the 5.1-eV absorption is calculated to be 7.8
cm™'. As a result, the decrease in the 5.1-eV absorption ac-
companied with the three paramagnetic centers, GR, GEC,
and Ge E' center is calculated to be 23.4 cm™!. This is quite
similar to the observed value.

From the above-mentioned discussion, it is concluded that
the electron donor to generate the GEC in sample H is also
the GLPC. However, the Ge(2) signal, which is assigned to
the (GLPC)¥, is not observed by the ESR measurement for
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sample H even after the laser photon irradiation. The
(GLPC)* is considered to be terminated with a hydrogen
atom in sample H, since only the existence of H, molecules
is the difference between samples H and N. The (GLPC)*
terminated with a hydrogen atom, written as (GLPC)*-H
hereafter, is a diamagnetic center, and is not detectable in the
ESR measurement.

B. Thermal effects on the photo-induced structural changes

As shown in Fig. 6, Aas; is linearly proportional to
—ANgge when the sample N is thermally annealed. Here,
we assume that the reverse reaction of Eq. (2) occurs with
the thermal annealing. This means — ANGgc is equal to the
recovered concentration of the GLPC. Therefore, — ANgpc
should be equal to AN pc. From this relationship between
Aas; and ANgpc or the slope of the linear line in Fig. 6,
feLpc is calculated to be 0.081, which is 9% less than fg pe.
This difference is negligible if we take account of the error
of ESR measurements. This strongly confirms the above-
mentioned assumption that the reverse reaction of Eq. (2)
occurred during the thermal annealing of sample N that had
been irradiated by laser photons.

As shown in Fig. 4, the concentration of GR increases in
sample H with thermal annealing at 160 °C following the
photon irradiation. Since the GR is not induced by the ther-
mal annealing in sample H without the preirradiation of the
laser photons, the precursor of thermally induced GR is a
defect induced by the photon irradiation. The precursor is the
(GLPC)*-H induced in sample H by the irradiation. As men-
tioned above, electrons are released from GEC’s by the ther-
mal annealing, and (GLPC)™’s trap the electrons in sample
N. However, the (GLPC)* is terminated with a hydrogen
atom and becomes the (GLPC)*-H in sample H. Therefore,
if an electron is trapped by the (GLPC)*-H, the GR is in-
duced. This reaction is expressed as

GEC+(GLPC)*-H—GeO,+GR. (6)

This reaction explains the increase in the GR concentration
caused in sample H by the thermal annealing at 160 °C
shown in Fig. 4. When the annealing temperature is beyond
160 °C, the GR is bleached.

In sample N, Aas is linearly proportional to —ANggc,
as mentioned above. Such proportionality is not observed for
sample H. As shown in Fig. 6, the ratio of Aas ; to — ANgge
is lower in sample H than in sample N during the thermal
annealing from 160 to 200°C, while it becomes higher at
higher annealing temperatures. As shown in Fig. 4, the GEC
is bleached monotonically by the thermal annealing. The
electron thermally released from the GEC is trapped at the
(GLPC)*-H and the (GLPC)*-H becomes the GR as shown
in Eq. (6). However, the GR is scarcely bleached by the
thermal annealing from 160 to 200 °C. As a result, the inten-
sity of the absorption band at 5.1 eV due to the GLPC
scarcely increases at this temperature region. With the ther-
mal annealing at higher temperatures, the GR is bleached
and becomes the GLPC, which in turn increases the absorp-
tion intensity at 5.1 eV.

As mentioned in the previous section, the total decrease in
the 5.1-eV band due to the loss of GLPC accompanied with
the induction of GR and (GLPC)*-H is 15.6 cm™!. There-
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fore, the 5.1-eV band of 15.6 cm™! should be induced with
complete thermal bleaching of the GR and (GLPC)™-H. This
is quite similar to Aas of sample H that was annealed ther-
mally at 300 °C (see Fig. 6). The 5.1-eV absorption band due
to the NOV does not increase with the thermal annealing,
since the concentration of the Ge E’ center scarcely changes
with the thermal annealing.

C. Assignment of the 5.8-eV absorption

As shown in Fig. 2, absorption bands are induced at 4.5
and 5.8 eV by the photon irradiation in sample N. In addition
to these two bands, the 6.4-eV absorption is also induced in
sample H. The bands at 4.5 and 6.4 eV are already known to
be, respectively, due to the GEC (Refs. 19, 26 and 27) with
the Ge(1) ESR signal and the Ge E’ center.”’> However, the
assignment of the 5.8-eV band is still a matter of discussion.

There have been papers®? that assigned the 4.5- and
5.8-eV bands to two different defects that have the Ge(1) and
Ge(2) ESR signals, respectively. On the other hand, the au-
thors have indicated the possibility of both the 4.5- and
5.8-eV bands being due to the Ge(1) defect from the fact that
the intensity of the 5.8-eV band is always linearly propor-
tional to that of the 4.5-eV band with the identical propor-
tionality coefficient regardless of the Ge content of the
samples.!® The present study gives a clear answer to this
puzzle. By comparing Figs. 2 and 3, one can easily find that
the photon-irradiated sample H shows the 5.8-eV band with-
out showing the Ge(2) signals. This fact clearly contradicts
the assumption that the 5.8-¢V band and the Ge(2) signal are
due to the same defect. By comparing the results shown in
Fig. 2 (or Table I) and those in Fig. 3, it is found that the
intensity of the 5.8-eV band is similar between samples N
and H and that the Ge(1) signal intensity is also similar be-
tween the two samples. This similarity between the 5.8-eV
band and the Ge(1) signal supports the model that the 5.8-eV
band as well as the 4.5-eV band is due to the defect with the
Ge(1) ESR signal, namely, GEC.

One might notice a difference of the FWHM value of the
5.8-eV band between the samples N and H shown in Table I.
As for the absorption spectrum of sample H shown in Fig.
2(b), the calculated FWHM for the 5.8-eV band is not accu-
rate due to the presence of the peak at 6.4 eV and the one
located higher than 6.5 eV.>! Because of the limitation of the
measurement system, it was impossible to distinguish the
three absorption bands clearly in the present calculation.
Therefore, re-estimation of the FWHM was done based on
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the thermally decreased 5.8-eV absorption shown in Fig. 5,
and the result came out to 1.2+0.1 eV, the same FWHM as
in the case of sample N. Since the thermal annealing does not
change the concentration of the Ge E’ center, the existence
of the 6.4-eV band is negligible in the spectrum shown in
Fig. 5. Therefore, the FWHM of 1.2 eV is more reliable for
the 5.8-eV band. Although the Si E’ center is known to have
absorption at 5.8-eV,3>® there is no possibility of the present
5.8-eV band being due to the Si E’ center since the ESR
signal of the Si E' center never appeared. Therefore, the
present 5.8-eV band is due to the same origin in both
samples N and H, and the origin is the GEC with the Ge(1)
ESR signal.

V. CONCLUSIONS

Structural changes induced in H,-loaded Ge-doped SiO,
glass have been investigated through absorption and ESR
measurements using a KrF excimer laser as a photon source.
Thermal annealing was also applied to the glass following
the laser photon irradiation, and the behavior of absorption
bands and that of paramagnetic centers were investigated.
From the obtained results, the following conclusions are de-
rived. (1) The paramagnetic centers, GEC, GR, and Ge E'
center, are induced by the irradiation. (2) The GLPC,
which donated an electron to generate the GEC, is termi-
nated with a hydrogen atom and becomes the (GLPC)*-H,
an ESR-insensitive  diamagnetic  center. (3) The
(GLPC)*-H traps an electron thermally released from the
GEC and becomes the GR at temperatures around
160°C. (4) The GR becomes the GLPC with the thermal
annealing. (5) The 5.8-eV absorption band induced by the
KrF excimer laser photon irradiation is assigned to the GEC,
which shows the Ge(1) signal in ESR measurements.
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By utilizing preexposure of helium plasma, a method of depositing a blanket tungsten layer directly
on Si0, has been developed. When SiO, films are exposed to a helium plasma, oxygen atoms are
knocked on by active species in the plasma and the surface becomes covered with reduced silicon.
It is assumed that this silicon reacts with WF to form tungsten nuclei, and that tungsten layers grow
through the reaction of H, and WF; at these nuclei. The deposited tungsten layer is stable with a low
resistivity in the form of the a-W crystal and shows strong adhesion to the Si0, film due to the

anchoring effect of tungsten. © 1999 American Institute of Physics. [S0021-8979(99)03912-2]

I. INTRODUCTION

Recently, scale reduction of very-large-scale-integrated
(VLSI) circuits becomes even more important for semicon-
ductor industries. In the present advanced wiring system,
tungsten plugs filled in the blanket tungsten process are
widely used in a contact or via contact. In this process, Ti
and TiN (Ti/TiN) films are generally deposited between the
W layer and SiO; underlayer by sputtering in order to secure
a good adhesion with the underlayer, to protect the contact
against encroachment of W to Si, and to keep acceptable
contact resistance.! This makes the process complex and ex-
pensive. Moreover, the present sputtering technique is ap-
proaching the limit of the aspect ratio, and may result in the
shortage of coverage. To overcome this point, a special sput-
tering apparatus such as the one using long-throw sputtering
(LTS) (Ref. 2) or the one using ion metal plasma (IMP) (Ref.
3) has been developed. However, they are not necessarily
satisfactory on many points such, as their high cost. As a
result, it has become very important to deposit tungsten di-
rectly without using any adhesive layer. The main reason
that the adhesive layer is requisite at present is because ad-
hesion is very poor between the tungsten layer and the insu-
lator Si0; or SisNg.'* As a method of direct deposition of
tungsten, several methods have been proposed. One is the
high-dose implantation of W or Si onto the oxide surface to
serve as a nucleus for deposition.>® Another trial is the im-
plantation of Ti ions and the following irradiation of ArF
excimer laser photons in a WF4/H, atmosphere.7 In the
former method, it is reported that the deposition of tungsten
occurs if the implanted dose of Si exceeds SX 10®c¢m™2,
and that good adhesion is secured between doses of 5
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Physical and Chemical Research (RIKEN), Hirosawa, Wako-shi,
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%10 and 1X10'7cm™2. This process seems attractive, but
a high dose of implantation is required. This article reports a
process of direct deposition of tungsten on the oxide that
utilizes preexposure of helium plasma.

II. EXPERIMENTAL PROCEDURE

A thin layer of Si0,, about 200 nm thick, was deposited
on a p-type silicon monocrystal substrate with a conductivity
of 9-12 ) cm by plasma-enhanced chemical vapor deposi-
tion (PECVD) using tetraethoxysilane [TEOS, Si(OC,Hs),]
as a monomer at 400 °C. A helium plasma excited with a rf
power of 60 W at 13.56 MHz in the apparatus shown in Fig.
I was used to activate the surface of SiO,. The flow rate of
helium was 10 sccm and the pressure was about 30 Pa during
the plasma exposure. After that, tungsten was deposited by a
CVD reactor using WFq and H, gases at 450 °C. The speci-
mens had been etched for 10 s in 1% HF solution prior to W

I‘40 ®-
I
150 Impedance |RF
Matching |[Power
Circuit Supply
Si m
.. Glass
100 Bell-jar
TT|stage
170
L — ]
L3
Pump

FIG. 1. Apparatus for plasma exposure.
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FIG. 2. XPS spectra of the surface of Si0, before and after the He plasma
exposure.
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FIG. 3. Effect of exposure time to the He plasma on the etching speed.
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FIG. 4. Change in the refractive index with the plasma exposure time.
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FIG. 5. PL spectra around 4.25 eV before and after the plasma exposure.
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FIG. 6. Change in the 4.25 eV PL intensity with the plasma exposure time.

deposition to remove the native oxide. The X-ray
photoelectron-spectroscopy (XPS) was obtained for the ox-
ide surface after the plasma exposure with a JEOL JPS-
90MX. The sample thickness and refractive index were mea-
sured at a wavelength of 632.8 nm with a microcomputer-
aided Ulvac ESM-1 ellipsometer. The photoluminescence
(PL) spectrum under excitation by a KrF excimer laser
(wavelength: 248 nm=5eV, pulse width: ~20 ns, Lambda
Physik LPX105i) was obtained at room temperature by a
multichannel  detector (Princeton  Instruments, SMA)
equipped with a water-cooling system. The quality of depos-
ited tungsten was examined by a four-probe resistance meter
(Prometrix Omnimap RS20), a scanning electron microscope
[(SEM), Hitachi $-900], and an x-ray diffractometer [(XRD),
Rigaku Rint 2000].

lll. RESULTS AND DISCUSSION

Figure 2 shows XPS spectra of the surface of SiO, be-
fore and after the helium plasma exposure for 1 h. Before the
plasma exposure, only a single peak associated with Si 2p
was observed at the binding energy of 103 eV. This peak
corresponds to Si in the SiO, matrix. After the plasma expo-
sure, two distinct peaks were observed at 103 and 99 eV. The
99 eV peak corresponds to elemental Si. This result shows
that Si-Si bonds were formed on the surface of SiO, after
the 1 h exposure of helium plasma. From the spectra, the
ratio of O to Si was calculated to be 1.9 before the plasma

[\
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PL intensity (a.u.)
=

0 5 10 15 20
Etched thickness (nm)

FIG. 7. Dependence of the 4.25 eV PL intensity on the remaining sample
thickness for the sample that had been exposed to plasma exposure for 10
min.
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TABLE 1. Base sample of each specimen.

Specimen Condition of base samples
A as-deposited SiO,
B Si0, exposed to plasma for 30 min
C Si0, exposed to plasma for 1 h
D Si substrate

exposure, while the ratio became 1.0 after the exposure.
However, due to experimental limitation, the sample had
been exposed to air before the XPS measurement. This
means that a native oxide layer must have existed on the
surface. Therefore, it is assumed that the actual surface has to
be more Si surplus than the above ratio.

Figure 3 shows the relation between the SiO, thickness
and the etching time in a HF solution of 0.063%. It is clear
that the surface becomes more resistive to etching after the
plasma exposure. Since the change in etching speed is lim-
ited in the vicinity of the surface, the structure of SiO, in the
surface layer was changed by the plasma exposure that
would bring about the change in the XPS spectrum shown in
Fig. 2. Since the elemental silicon is insoluble in HF, the
present result agrees with the result of Thomas and co-
workers who observed the delay in etching rate after implan-
tation of Si in SiO, films.®

Figure 4 shows the change in refractive index with the
plasma exposure time. The index increases. Since the refrac-
tive index at a wavelength of 632.8 nm is 1.46 for SiO, and
3.91 for Si,® this result also shows that a Si and/or Si-rich
layer was formed on SiO, by the plasma exposure.

Figure 5 shows the PL spectra obtained before and after
the plasma exposure. A PL band is seen at 4.25 eV. This PL
band is considered to be due to the oxygen-vacancy defect
=Si—Si=, where ‘=" denotes three separate
oxygens.”!% It is considered that oxygen-deficient defects are
formed since O atoms are scissored out of the bonds between
St and O by the reaction of the plasma. Figure 6 shows the
4.25 ¢V PL intensity as a function of the plasma exposure
time, which indicates that the number of oxygen-vacancy
defects decreases gradually after it shows an abrupt increase.
If the oxygen atoms around one oxygen vacancy are expelled

JWon specimen B

Won specimen D

Intensity (a.u.)

(110) (200)

(211)

Plane

FIG. 8. Comparison of XRD spectral intensity between the tungsten layers
deposited on specimens B and D.
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(a) (b)
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FIG. 9. SEM images of the W surface deposited on specimens B (a) and D
(b).

by the continued action of the plasma, the number of
oxygen-vacancy defects decreases and a Si cluster or el-
emental Si appears.

Next, the spatial distribution of the oxygen-vacancy de-
fects is examined. The sample was first exposed to the he-
lium plasma for 10 min, and then etched in HF solution. The
Si0, thickness before-the plasma exposure was 0.2 gm. Fig-
ure 7 shows the change in the 4.25 eV PL intensity with the
etched-off thickness. Here, the PL measurements were done
immediately after the plasma exposure to avoid the forma-
tion of native oxide. Most of the oxygen-vacancy defects
exist in the vicinity of the surface within the depth of 10 nm.

Tungsten was then deposited on the surface of various
base specimens as listed in Table I, and the adhesive and
other properties were examined. In the case of sample A, the
deposition itself could not be done well; the tungsten was
hardly deposited. The resistivity of the tungsten layer was

0.6 um

0.6 um
(b)

FIG. 10. Sectional structure of the tungsten layer on specimen B (a) and
specimen C (b) observed by SEM.
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measured to be 8.7X 1078 Q) m and the deposition rate was
4.0X10""m/min for sample D, while they were 8.9
X108 m and 2.4X 1077 m/min for sample B, respec-
tively. These results can be understood by assuming the fol-
lowing reaction:!!

Since specimen D is pure Si, tungsten can be deposited eas-
ily with a high deposition rate, while it cannot be deposited
on the surface of specimen A, which is covered with SiO,.
The easiness of deposition on the surface of specimen B,
which is covered with Si-rich SiO,, should be in between
specimens A and D.

Figure 8 shows the result of XRD measurements on the
crystal structure of the tungsten layer. The tungsten structure
is considered to be stable with a low resistivity in the form of
a-W crystal in both cases of specimens B and D. The inten-
sity of the (110) plane is stronger in W deposited on speci-
men D than W on specimen B. On the other hand, the inten-
sities of the (200) and (211) planes are weaker for specimen
D than for specimen B. It is considered that the orientation of
the W layer depends on the base material.

Figures 9(a) and 9(b) show SEM images of the tungsten
surface deposited on specimens B and D, respectively. It is
clear that the tungsten grain size is larger in the case of the
layer deposited on specimen B than the case of the deposi-
tion on specimen D.

The adhesion strength between the deposited tungsten
layer and the surface of the underlying SiO, was examined
using a pull test with adhesive tapes. The tungsten layer was
peeled off from substrate C, but not from specimen B. A
similar test repeated after exposing the tungsten layer on
specimen B to air for a month again showed that the layer
was not peeled off. This means that the tungsten layer ad-
heres well to the Si-rich surface. Figure 10 shows the sec-
tional structure observed by SEM. In the case of specimen B,
some pins growing from the tungsten layer are observed.
These pins are considered to be nucleated tungsten grown via
Eq. (1) by choosing the Si-rich region in the SiO, film.
Therefore, the contact area between the SiO, film and the
tungsten layer is large, and this results in good adhesion. On
the other hand, in the case of specimen C, it seems that the
whole SiO, disappeared and that the tungsten reached the
underlying Si substrate. It was observed by SEM that the
tungsten layer was peeled off at its interface with the Si

Noma et al/.

substrate. This reason is not clear, but probably due to some
mismatching between the grown tungsten layer and the Si
substrate. This suggests that a proper plasma-exposure time
should be selected to secure good adhesion to Si0,.

IV. CONCLUSION

By using preexposure of helium plasma, direct deposi-
tion of a blanket tungsten layer on SiO, has been successful.
It was found that a Si-rich structure was formed on the Si0,
surface by the plasma exposure. Since W is formed through
a reaction of WFg with Si, the deposited tungsten shows
strong adhesion to SiO,.
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Effects of Fluorine Doping on the Dielectric Strength in SiO, Films
Formed by Plasma-enhanced Chemical Vapor Deposition
Hiromitsu Kato, Student member, Akihiro Takami, Non-member, Shingo Sakai, Non-member,
Keisuke Ishii, Member, Yoshimichi Ohki, Member (Waseda University)

Fluorine-doped thin silicon dioxide films were synthesized by plasma-enhanced chemical vapor
deposition of tetracthoxysilane and CF,, and the dielectric strength was measured with a self-healing
breakdown technique by applying short duration voltage pulses. As a result, the film containing a higher
amount of fluorine has a higher dielectric strength. The reason for this increase is discussed, and two

persuasive mechanisms are presented.
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When amorphous silicon nitride films are irradiated by a KrF excimer laser, they exhibit broad
photoluminescence (PL) centered around 2.4 eV. The PL intensity gradually decreases and the PL
peak energy shifts to a lower energy with an increase of the implanted dose of Ar* ions. This means
that the PL consists of two components with peak energies at 2.66 and 2.15 eV and that
implantation-induced defects such as vacancies are not the PL centers. The PL intensity is found to
decrease if the film was thermally annealed, while the decreased PL intensity of the ion-implanted
film recovers by the thermal annealing. Based on these results, it is concluded that the defects
generated by hydrogen release or bond breaking act as nonradiative recombination centers that
quench the PL. © 1999 American Institute of Physics. [S0021-8979(99)03609-9]

1. INTRODUCTION

Amorphous silicon nitride (a-SiN,) is one of the most
important insulating materials in microelectronics, and is
used as a gate insulator in field-effect or thin-film transistors,
or as a charge storage layer in metal/nitride/oxide/silicon
nonvolatile memories, or as a capacitor dielectric in dynamic
random access memories. Generally, localized states in the
band gap or at band tails due to defects or impurities govern
the electrical properties of insulating films. The a-SiN, film
is not an exception to this. In order to examine the relation
between the defects and electrical properties, much research
has been carried out. Electrical and electron spin resonance
studies have shown that intrinsic paramagnetic defects re-
lated to Si dangling bonds'™ and N dangling bonds®>™* are
the key charge trapping centers in a-SiN, films. On the other
hand, optical measurements such as photoluminescence (PL)
and optical absorption have also been applied to character-
ization of the localized states in the nitride. For near-
stoichiometric or nitrogen-rich a-SiN, films, several PL
bands have been reported in the range of 1.8-4.0 eV.5®
However, their origins are still in question.

The present article reports our investigation on the ef-
fects of ion implantation and thermal annealing upon the PL
observed in a-SiN, films prepared by the low-pressure
chemical vapor deposition (LPCVD) method.

il. EXPERIMENT

The a-SiN, film investigated in this study was deposited
on a p-type (100) silicon substrate by LPCVD with a mixture
of dichlorosilane (SiH,Cl,) and ammonia (NH;) gases with

¥Ppresent address: Applied Laser Chemistry Lab., The Institute of Physical
and Chemical Research (RIKEN), 2-1 Hirosawa, Wako-shi, Saitama 351-
0198, Japan.

YElectronic mail: yohki@mn,waseda.ac.jp

0021-8979/99/85(9)/6746/5/$15.00

a pressure of 65 Pa around 700°C. The flow rate of
NH; /SiH,Cl, was 15 for sample A and 10 for sample B. The
thickness, measured by ellipsometry, is about 75 nm for
sample A and 100 nm for sample B. The hydrogen content
and the atomic ratio of N/Si, investigated by Rutherford
backscattering, are, respectively, 6 mol% and 1.52 for
sample A deposited at 650°C, and 4 mol % and 1.44 for
sample B. Some films were implanted by Ar* ions with an
acceleration energy of 70 keV up to a dose of 1x1012-5
X 10'*jons/cm?. Both the as-deposited and the ion-implanted
films were annealed in N, (1 atm) or in vacuum (4.0
X 1072 Pa) by a rapid thermal annealing apparatus for 20
min.

Chemical change induced by thermal annealing was ex-
amined by Fourier-transform infrared absorption and thermal
desorption spectroscopy (TDS). The PL spectra were mea-
sured at room temperature using a monochromator equipped
with a multichannel detector under excitation by a KrF exci-
mer laser [wavelength: 248 nm (5.0 eV); pulse width: ~20
ns; pulse energy: ~100 mJ/cm?®]. The PL excitation spectra
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FIG. 1. Typical PL spectrum observed in a-SiN, film (sample A) and its
change caused by vacuum annealing.

6746 © 1999 American Institute of Physics
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FIG. 2. Comparison of the PL spectrum of sample B before and after the
implantation of Ar* ions with a dose of 5x 10" ions/cm®. The broken
curves are Gaussian components of the PL spectrum before the implanta-
tion.

were obtained at 77 K using synchrotron radiation (SR) at
the BL1B line of UVSOR facility (Institute for Molecular
Science, Okazaki, Japan). The PL lifetime was measured
with a single-photon counting technique using SR at 13 K.

1ll. RESULTS AND DISCUSSION

Figure 1 shows the typical PL spectrum observed in
sample A, and its change by the thermal annealing done in
vacuum. A broad PL band centered at about 2.4 eV is seen,
and it decreases with the annealing. Figure 2 shows a com-
parison of the PL spectrum observed in sample B before and
after the implantation of Ar* ions with a dose of 5
X 10"ions/cm? A dramatic decrease in the intensity and
redshift of the peak were observed after the implantation.
The broken curves shown in Fig. 2 are the results of fitting
the PL spectra with two Gaussian curves. This clearly indi-
cates that the PL spectrum observed before ion implantation
is composed of two PL bands centered at 2.66 and 2.15 eV,
and that the 2.66 eV PL band completely disappears by the
ion implantation. We have confirmed the reproducibility of
the PL characteristics shown in Figs. 1 and 2 using 18
samples and have found that it is good regardless of the
sample type being A or B. Furthermore, both the samples A
and B show a similar PL intensity. Likewise, the character-
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FIG. 3. Relation between the intensity of each PL band observed in sample
B and the dose of implanted Ar™ ions.
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FIG. 4. Recovery of the PL intensity of sample B that had been quenched by
ion implantation by thermal annealing at 900 °C for 20 min in N,. The
broken curves are Gaussian components of the recovered PL.

istics described below are observed in both the samples A
and B. From this viewpoint, the PL characteristics are com-
mon features of samples A and B.

Figure 3 shows the relation between the intensity of each
PL band observed in sample B and the dose of implanted
Ar" jons. The PL intensity decreases according to a power
law with an increase in dose, and the exponent is larger for
the 2.66 eV PL than the 2.15 eV PL. This is the reason that
the PL shape shifts toward red.

In a-Si0, films, several PL bands such as the ones due
to the oxygen vacancies and the nonbridging oxygen hole
centers are induced by ion implantation.”™!! The intensities
of these PLs become larger with an increase in implantation
dose.”!! In some a-SiQ, films such as the one synthesized
by plasma-enhanced chemical vapor deposition or the
method called SIMOX (separation by implanted oxygen),
these PLs are seen without ion implantation.'*!* From these
results, the PLs are considered to be associated with oxygen-
deficient or oxygen-rich defects'* and that the ion implanta-
tion has an action of manifesting weak sites such as strained
bonds by converting them into PL-detectable defects.>1?
However, the PL observed in the present study decreases its
intensity with an increase of implanted dose of ions. This is
the exact opposite of the result of a-SiO,. Therefore, the PL
in a-SiN, is considered not to be due to implantation-
induced defects such as vacancies or bond breaks.
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FIG. 5. Change in PL intensity at 2.66 and 2.15 eV by thermal annealing in
vacuum for the nonimplanted sample A.
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FIG. 6. PL decay excited by 5.0 eV photons from SR observed in the
as-deposited sample A. [ is the PL intensity, ¢ the time, 7 the effective
lifetime, and B is a parameter which has a value between 0 and 1.

Figure 4 shows how the PL that had been quenched by
ion implantation is recovered by thermal annealing done at
900 °C for 20 min in N,. The broken curves are Gaussian
components of the PL spectrum of the annealed sample. Al-
though the recovered intensity is about one third of the in-
tensity before ion implantation, the two PL bands of sample
B are recovered by the thermal annealing. In a-SiO,, the
increased intensity by ion implantation decreases by similar
thermal annealing.'® This is also the opposite result of the
present case of a-SilN, . .

Figure 5 shows the change in the respective PL intensi-
ties of the 2.66 and 2.15 eV bands by thermal annealing in
vacuum, observed in nonimplanted sample A. The PL inten-
sities decrease abruptly by the annealing at temperatures
above 700 °C. Figure 6 shows the PL decay excited by 5.0
eV photons from SR, observed in the as-deposited sample A.
It is clear that the decay is expressed by a stretched expo-
nential function,

I(t)OC('r/t)'Bexp[—(t/'r)ﬁ],

where I is the PL intensity, ¢ the time, 7 the effective lifetime,
and 8 is a parameter which has a value between 0 and 1.1
When this sample is thermally annealed in vacuum, r de-
creases as shown in Fig. 7, which B hardly changes.
Shown in Fig. 8 is the change in infrared (IR) absorption
coefficients of sample A caused by the thermal annealing in
vacuum. It is clear that the absorption at 3340 cm ™" due to
N-H bonds and the one at 2200 cm™! due to Si—-H bonds
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FIG. 7. Change in the effective lifetime (7) and B parameter by thermal
annealing in vacuum, observed in sample A.
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bonds (3340 cm™!) by thermal annealing in vacuum, observed in sample A.

abruptly decrease by thermal annealing at temperatures
above 700°C. This is very similar to the change of the PLs
shown in Fig. 5. The above IR result indicates that hydrogen
is released by the thermal annealing. In order to confirm this,
TDS of hydrogen was measured for the as-deposited sample
A. As shown in Fig. 9, it is confirmed that the desorption of
hydrogen starts around 700 °C.

Figure 10 shows the relation between the PL intensity
and the IR absorption coefficient. Both the 2.66 and 2.15 eV
PL bands clearly show a linear relationship with the
hydrogen-related bonds. The earlier-mentioned results sug-
gest that the PL is related to the desorption of hydrogen.
Therefore, the nonimplanted sample A was thermally an-
nealed at 900 °C for 20 min in vacuum or in 100% hydrogen
at 1 atm, and PL spectra were observed. As shown in Fig. 11,
no change is seen for the H, annealing, while the PL inten-
sity decreases significantly by the vacuum annealing. This
clearly supports the above assumption that the PL in SiN, is
related to hydrogen desorption.

Shown in Fig. 12 are the PL excitation spectra of sample
A monitored at 2.66 and 2.15 eV, measured at 77 K using
SR. It is clear that the PL bands are excited by the photons
with energies above 4.5 eV. The energy of 4.5 eV is close to
the value of optical band gap for the near-stoichiometric
SiN, .!" Therefore, the PL bands are considered to be related
to recombination of electrons and holes, generated by inter-
band photon absorption.

Previous studies®® reported several PL bands between
1.8 and 4.0 eV in near-stoichiometric or silicon- or nitrogen-
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FIG. 9. TDS spectrum of hydrogen for the as-deposited sample A.
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rich amorphous SiN,. Among those, a broad PL centered
around 2.5 eV is commonly observed in near-stoichiometric
or nitrogen-rich SiN, . Based on the fact that the peak energy
of the PL is similar to the calculated energy between the state
of silicon dangling bond and valence or conduction band
edge, the PL was previously attributed to the radiative re-
combination at the silicon dangling bond.® However, the
present results suggest that the PL is not due to implantation-
induced defects, and that the PL intensity decreases if hydro-
gen is released. Furthermore, the properties of the PL ob-
served in the present study are very similar to those of the PL
observed in hydrogenated amorphous silicon (a-Si:H).'® In
a-Si:H, the PL intensity also decreases if hydrogen is des-
orbed. The reason for this is considered to be that hydrogen
in a-Si:H effectively eliminates the nonradiative sites relat-
ing to Si dangling bonds.'® Furthermore, the PL in a-Si:H is
quenched by ion implantation that could easily break Si—-H
bonds and Si-Si regular bonds.'® These are quite close to the
present results of SiN, shown in Figs. 1-8. This similarity
suggests that the ion-induced defects such as Si dangling
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FIG. 11. Effect of thermal annealing in hydrogen or in vacuum on the PL
spectrum observed in sample A.
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FIG. 12. PL excitation spectra for the 2.66 and 2.15 eV PL bands observed
in sample A.

bonds are not the origin of PL in a-SiN, but nonradiative
recombination centers that quench the PL. Hydrogen is
thought to eliminate the recombination centers.

IV. CONCLUSION

The effects of ion implantation and thermal annealing
upon the PL have been investigated in a-SiN, prepared by
LPCVD. A broad PL band centered at 2.4 eV, consisting of
two component PL bands at 2.66 and 2.15 eV, is observed in
the as-deposited sample. When the a-SiN, is implanted by
ions or annealed at high temperatures, both PL bands are
quenched. However, similar thermal annealing done to the
ion-implanted sample recovers the PL intensity that had de-
creased by the ion implantation. The PL intensity is found to
decrease if hydrogen is released from the sample. From these
results, it is concluded that the defects formed by hydrogen
release or bond breaking act as PL-quenching nonradiative
recombination centers in a-SiN, .
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Abstract. Changes in concentrations of the photo-induced paramagnetic centres, Ge E' centre,
Ge electron centre (GEC) and positively charged Ge lone-pair centre ((GLPC)*) in four Ge-doped
SiO; glasses with Ge contents of 1.0, 1.4, 6.9 and 9.2 mol% were investigated, using a KrCli
excimer lamp (5.6 eV, 7.0 mW cm™2) and a KrF excimer laser (5.0 eV, 4 MW cm™2) as photon
sources. When the glasses were irradiated with photons from the lamp, the Ge E' centre and the
GEC were induced in all the glasses. However, the (GLPC)* was observed only in the sample
with Ge content of 1.4 mol% where the concentration of the induced Ge E’ centre was smaller than
that of the induced GEC. The irradiation of photons from the laser induced the GEC and (GLPC)*
in all the glasses. When the photon irradiation from the laser was continued onto the glasses, the
Ge E’ centres were induced and the concentration of the (GLPC)* was found to decrease with an
increase in the concentration of the Ge E centres. From these phenomena, it was concluded that
the generation of the Ge E’ centres diminishes the concentration of the (GLPC)*.

1. Introduction

Refractive-index changes accompanied by structural changes are induced in Ge-doped Si0;
glass by the irradiation of ultraviolet (UV) photons. Because of the photo-sensitivity of
Ge-doped SiO, glass, the glass is used as optical elements, such as an optical-filter which
reflects a specific wavelength by Bragg gratings [1] fabricated in Ge-doped SiO; optical
fibre by UV photons. It has been reported that the Ge oxygen-deficient centres (GODCs)
existing in the oxygen-deficient type glass are considered to be responsible for the structural
change which causes the refractive-index change [2-7]. Two kinds of GODC, the neutral
oxygen monovacancy (NOMYV) and the Ge lone-pair centre (GLPC), have been reported [2].
The structures of these defects are shown in figure 1. It has been reported that the NOMYV and
the GLPC have absorption bands at 5.06 and 5.16 eV, respectively [2]. Asshownin figure 1, the
NOMYV becomes the Ge E’ centre by the irradiation of UV photons during which an electron
is released [2]. :
Two electron spin resonance (ESR) signals, named Ge(1) and Ge(2) [8], are reported to
appear in Ge-doped SiO; glass exposed to photons from a KrF excimer laser [9, 10]. The Ge(1)
signal is known to be due to the Ge electron centre (GEC) [1 1-15]. In our previous paper, we
reported that the Ge(2) signal is due to the positively charged GLPC ((GLPC)"), which donated
an electron to generate the GEC, by analysing the absorption change around 5.0 eV induced
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Figure 1. Structures of the defect centres in Ge-doped SiO; glass. The NOMYV is known to become
the Ge E’ centre by UV photon irradiation.

by photon irradiation from a KrF excimer laser and the thermally stimulated luminescence
(TSL) which was observed at 3.1 eV in the sample pre-irradiated by the KrF excimer laser
[9]. In the present research, further details of generation mechanisms of paramagnetic centres,
GEC, (GLPC)" and Ge E’ centres, upon high-dose irradiation of UV photons are examined by
observing the ESR signals induced in four different samples with different Ge contents.

2. Experiment

Four Ge-doped SiO, glasses, A, B, C and D with Ge contents of 1.0, 1.4, 6.9 and 9.2 mol%,
respectively, were prepared by the vapour-phase axial deposition method. The samples were
cut and polished into plates of 0.3 mm thick. A KrF excimer laser (Lambda Physik, LPX 105i,
5.0 V) and a KrCl excimer lamp (Ushio, UEM 20-222, 5.6 ¢V) were used as the irradiation
photon sources. The pulse duration of the excimer laser is about 20 ns, and its energy density
is 80 mJ cm™2 per pulse, which corresponds to 4 MW cm~2, while the energy density of the
excimer lamp is 7.0 mW cm™2. Because of this difference in energy density, the KrF excimer
laser induces a two-photon process in addition to a one-photon process, while only aone-photon
process is induced by the KrCl excimer lamp. The ESR spectra were obtained by a JEOL
RE-2XG spectrometer at the X band frequency. The concentration of paramagnetic centres
was evaluated by double numerical integration of first-derivative spectra, and comparison with
the signal from diphenylpicrylhydrazyl (DPPH, g = 2.0036) of a known weight. The accuracy
of the standard is believed to be +20%. All the experiments were done at room temperature.

3. Results

Figure 2(a) shows the ESR spectrum of sample A irradiated by the KrCl excimer lamp for
15 hours. In this spectrum, the ESR signal of Ge(1) which is due to the GEC and that of
Ge E’ centres overlap each other as clearly indicated in figure 2(a’). The Ge(2) signal is not
seen in this spectrum, which means that the (GLPC)* does not exist in the sample after the
irradiation. Similarly, the GEC and Ge E' centre were observed in samples C and D after similar
irradiation, and the (GLPC)* was not. Figures 2(b) and 2(b’) are the ESR spectra observed in
sample B after irradiation by the lamp for 15 hours. The Ge(2) signal due to the (GLPCO)* is
seen besides the signals due to the GEC and Ge E’ centre. Table 1 shows the concentrations of
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Figure 3. ESR spectra in sample C observed after the
photon irradiation of KrF excimer laser. (a) 10 shots, (b)
1 x 102 shots, (c) 1.3 x 106 shots, (d) 2.3 x 106 shots.

Table 1. Concentrations of the paramagnetic centres, Ge E’ centre, GEC and (GLPC)* induced
in the samples with photon irradiation from the KrCl excimer lamp. The ambiguity comes from
errors in calibration of the total concentration and separation of the peaks.

Ge content  Ge E’ centre GEC (GLPC)*
Sample  (mol%) (cm™3) (cm™3) (cm™3)
A 1.0 (7+2) x 108 4+2) x 10 —
B 1.4 (24+0.5) x 1013 3+1)x 108 (24+0.5) x 1013
C 6.9 (24+02) x 10'¢  (3.5+2) x 1015
D 92 26+02) x 1016 (4+2) x 101

these paramagnetic centres induced in the samples. The concentration of the Ge E’ centre is
higher than that of GEC in samples A, C and D, while it is smaller than that of GEC in sample
B. The result shown in table 1 also implies that the efficiency of the generation of the Ge E’
centre might be higher in glasses with higher Ge contents.

The ESR spectrum of sample C was found to change as shown in figure 3 when irradiated
with the KrF excimer laser. The GEC and (GLPC)* are observed in the sample which was
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Figure 4. Change in the concentration of paramagnetic centres in sample C induced by the photon
irradiation of a KrF excimer laser. The sum of the concentration of the GEC and Ge E centre (open
circle) and the concentration of the (GLPC)* (solid square). The concentration of the (GLPC)* is
estimated from the concavity at 341 mT.

irradiated with ten laser pulses. With the further irradiation, the Ge E’ centre was induced in
addition to the GEC and (GLPC)*. Figure 4 shows the change in the concentrations of the
paramagnetic centres as a function of the number of laser shots. Since the accurate separation
of the signals due to the GEC and Ge E’ centres was impossible, the sum of the two centres
is shown by the open circle, while the solid square denotes the concentration of the (GLPC)*.
Here, the concentration of the (GLPC)* is estimated as follows. In [9], by investigating the
decrease of the GLPC and the induction of the GEC by the photon irradiation from the same
excimer laser that is used in the present research, we have confirmed that the concentration of
the (GLPC)" is equal to that of the GEC when the glass is irradiated with a few tens of pulses
by the present KrF excimer laser. Therefore, the concentration of the (GLPC)* is estimated to
be a half of the total concentration of the induced paramagnetic centres, GEC and (GLPC)*, in
the sample irradiated with ten laser pulses. When further irradiation is applied to the glass, the
concentration of the (GLPC)* can be estimated by the depth of the concavity of ESR spectrum
around 341 mT (g = 1.9866), since no other signals overlap at this magnetic field and the
concentration of the (GLPC)* is considered to be proportional to the depth. The concentration
of the (GLPC)* showed saturation by the laser shots of about 5 x 10%, and decreased with
further irradiation. From our previous study, it is considered that the concentration of the GEC
was saturated by the irradiation of 5 x 10? pulses and was virtually unchanged with further
irradiation [7]. Therefore, the increment of the total paramagnetic centres with irradiation of
more than about 10° shots is considered to be due to the increment of the Ge E’ centres.

4. Discussion

The (GLPC)* which are observed as the Ge(2) signal in the ESR spectrum were induced by
the irradiation with the KrCl excimer lamp in sample B, while they were not in samples A, C
and D. The result shown in table 1 indicates that the (GLPC)* is observed in the sample where
the concentration of the induced Ge E’ centre is smaller than that of the induced GEC. From
this result, it is expected that the generation of the Ge E' centre diminishes the (GLPC)*. As
seen in figure 4, the concentration of the (GLPC)* begins to decrease when the concentration
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Figure 5. Proposed model for the structural changes induced by the photon irradiation of KrF
excimer laser.

of the Ge E’ centres shows an increase after about 105 shots of the KrF excimer laser. This
phenomenon validates the above-mentioned expectation. As shown in figure 1, electrons are
known to be released upon the formation of the Ge E’ centres from the NOMVs [2]. The
(GLPC)* traps the released electron and becomes the GLPC. Figure 5 shows the proposed
series of structural changes. Since the Ge E’ centres are scarcely induced up to 5 x 107 shots
of the KiF excimer laser [7, 10], the concentration of (GLPC)* or the Ge(2) signal intensity
increases. If the number of (GLPC)* which become GLPCs by trapping the electrons released
from the GECs [7] or the ones released from the NOMVs upon the formation of the Ge E'
centres is equal to that of the (GLPC)* which are induced from the GLPC’s, the Ge(2) signal
intensity should be unchanged. This is exactly what was observed during the irradiation of
5 % 10% to 106 shots of KrF excimer laser photons. With further irradiation, as the number
of electrons released from the NOMVs increases, the decrease of (GLPC)* with trapping the
electrons becomes larger than the increase of the (GLPC)*, and thus the Ge(2) signal intensity
decreases.

In [9] we assumed that the concentration of the GEC is equal to that of the (GLPC)*, while
in [3] and [12] the concentration of Ge(1) (=GEC) was reported to be larger than that of Ge(2)
(=(GLPC)*) when the glass was irradiated by UV photons or y-rays. The model shown in
figure 5 gives a clear solution to this discrepancy. The concentration of the GEC (=Ge(1)) and
that of (GLPC)* (=Ge(2)) are considered to be equal, when the Ge E’ centre is not induced,
which corresponds to the case reported in [9]. On the other hand, the concentration of the
(GLPC)* becomes smaller than that of the GEC as reported in [3] and [12], when the Ge F
centre is observed in addition to the GEC and (GLPC)*. In [14], it has been reported that when
Ce3* is doped as an electron donor in Ge-doped SiO; glass, the GEC (=Ge(1)) is induced but
the (GLPC)* (=Ge(2)) is not. In the present research, the NOMY plays the role of Ce3* to be
an electron donor and diminishes the (GLPC)* when high-dose UV photons are irradiated.

The above-mentioned conclusion is deduced based on the model that the Ge(2) signal is
due to the (GLPC)* [9]. It might be unreasonable to assign the Ge(2) signal, whose g value
is smaller than 2.0023, to a hole centre. However, it has been reported that the defect which
shows the Ge(2) signal acts like a hole centre [14]. Furthermore, a trapped hole on Sn2* shows
the ESR signal with g values smaller than 2.0023, gy = 1.972 and g, = 2.000, where Sn**
indicates the Sn lone-pair centre in tin oxide [16]. Since Sn is a congener of Ge, this fact
supports the assumption that the Ge(2) signal is due to the (GLPC)*, even though the g value
is smaller than 2.0023.
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5. Conclusion

Through the analysis of ESR spectra induced by photon irradiation, the following conclusions
were obtained. The Ge(1) signal is due to the GEC, while the Ge(2) signal is due to the (GLPC)*
which donated an electron for the formation of the GEC. When both the Ge E’ centres and the
GECs exist in the glass, the (GLPC)* trap electrons which were released from the NOMVs
during the formation of the Ge E’ centres and become the GLPCs.
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The temperature dependence of the lifetime of 4.3-eV photoluminescence (PL) excited by three PL excita-
tion bands in oxygen-deficient amorphous silica has been investigated in the range of 13-280 K. When the PL
is excited at the 5.0- or 6.7-eV band, it decays single exponentially with a constant lifetime of about 4 ns
irrespective of temperature. On the other hand, PL excited at 7.3 eV decays nonexponentially, and its effective
lifetime monotonically decreases with an increase in temperature. Such a temperature dependence of the PL
lifetime is explained by assuming an energy diagram involving two configurations of the oxygen-deficient

defect. [S0163-1829(99)06604-7]

L INTRODUCTION

Photoluminescence (PL) at 4.3—-4.4-eV together with its
companion PL at 2.7 eV excited by ultraviolet and vacuum
ultraviolet photons is best known among many PL’s ob-
served in amorphous silica (a-SiOz).l'“ The PL band has
long been a subject of intensive studies, since it directly re-
lates to the oxygen deficiency of a-SiO,.*™!? Up to the
present, the two PL bands at 4.3 and 2.7 eV are considered to
be due to transitions to the ground singlet state (S,) from the
lowest excited singlet state (S,) and from the lowest excited
triplet state (T';) at the oxygen-deficient defect, respectively.
However, electrons must have been raised up to a state
which has the same energy as the PL excitation (PLE) band.
For the 4.3-eV PL, three PLE bands are known to exist.
Especially when the 4.3-eV PL is excited by 7.6-eV photons,
the path through which electrons go down to the excited state
(i.e., S; or T)) from the state to which the electrons were
first raised up is still a matter of question. Recently, we have
attempted to cast light on this question by observing the
decay characteristics of PL. In the present study, the de-
cay profile of 4.3-eV PL as a function of temperature was
measured in more detail with a single-photon-counting tech-
nique using synchrotron radiation (SR) for all the three PLE
bands.

IL. EXPERIMENT

The samples used in the present study were carefully se-
lected two types of oxygen-deficient amorphous silica with
quite different manufacturing methods and shapes. One is
bulk-shaped high-purity silica ([Cl]=0ppm, [OH]<1 ppm)
manufactured by the soot remelting method. The other is of a
thin film made by the method known as SIMOX (separation
by implantation of oxygen) (Ref. 14) by implanting oxygen
to a dose of 3.7X 107 cm™2 with an energy of 180 keV into
a p-type (100) Si substrate and subsequent annealing at
1350 °C in Ar mixed with O, for a total of about 10 h. The Si
overlayer of the SIMOX sample was removed by soaking in
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KOH solution for PL. measurements. The oxide thickness is
about 130 nm for the SIMOX sample and 0.7 mm for the
bulk sample.

The PL spectrum was measured using a polychromator
(Jobin-Yvon HR320) equipped with a multichannel detector
(Princenton RY-1024) under excitation by a KrF excimer
laser [wavelength, 248 nm (5.0 eV); pulse energy, 10-20
mJ/cm?; Lambda Physik LPX105i). The PLE spectrum and
the PL decay were measured using SR operated at an elec-
tron energy of 750 MeV (BL1B line of UVSOR, Institute for
Molecular Science, Okazaki, Japan). The PLE spectrum was
observed under multibunch operation, while the decay kinet-
ics was obtained by a time-correlated single-photon-counting
technique under single-bunch operation (the time interval of
the SR pulses, 177.6 ns; the apparent SR pulse width, 550
ps). The emitted photons dispersed by a bandpass filter were
detected by a photomultiplier (Hamamatsu R955) for PLE or
by a microchannel-plate ~ photomultiplier (Hamamatsu
R2287U-06) for decay kinetics. The obtained experimental
results were normalized to the source intensity and corrected
for the system response. The measurements were carried out
over a temperature range from 13 to 280 K.

HI. RESULTS AND DISCUSSION

Figure 1 shows the PL spectrum in the range of 3.5-4.7
eV, which was excited by 5.0-eV photons at room tempera-
ture, and the PLE spectrum of 4.3-eV PL for the (a) bulk and
{(b) SIMOX samples measured at 13 K. The PLE spectra
have two distinct bands at 5.0 and 7.3 eV. Fitting the PLE
spectra with Gaussian curves reveals that another PLE band
exists around 6.7 eV.%" For the three PLE bands, the peak
energy and full width at half maximum (FWHM) are listed
in Table L

In the range of particular interest, 6-8 eV, the PLE spec-
tra shown in Fig. 1 are consistent with the previous reports
on a neutron-irradiated silica,! an ion-implanted a-SiO,
sample,'® or SIMOX.''7 However, it is different from the
spectra previously measured on the pure silica glasses,6”9

1590 ©1999 The American Physical Society
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FIG. 1. PL spectrum excited at 5.0 eV and PLE spectrum mea-
sured at 13 K for (a) the bulk sample and (b) the SIMOX sample.

which show an intense PLE band at 6.8 eV. Such a differ-
ence is considered to be due to the sample-to-sample differ-
ence of the absorption strength at different wavelengths even
if the sample is of the same type. In PL experiments, the PL
or PLE spectral shape has a relatively weak importance than
the PL lifetime. Although the lifetime of the present 4.3-eV
PL, which is the subject of this paper, depends on the mea-
suring temperature and excitation energy, it is between 0.5
and 4.2 ns. This difference is negligibly small if we consider
the lifetime for the purpose of identifying the origin of the
PL band or its transition path, since the lifetime varies over
many digits from less than 1 ps to more than 1 h if the PL
origin is different. However, the difference is important for
the purpose of discussing the surrounding structure of the PL
origin. Therefore, despite the difference in the PLE spectra, it
is clear that the two present samples are oxygen deficient™®’
and that the 5.0-eV PLE band corresponds to the B, band,*
which is considered to be due to the S,-S, transition of the
oxygen-deficient defect.51® The 7.3-eV PLE band corre-
sponds to the E band at 7.6 eV,! which is distorted in shape
due to its very strong absorption.® The 6.7-¢V PLE band is
attributed to the Sy-S, (5, is the second excited singlet state)
transition of the defect.®

Decay profiles of 4.3-eV PL were measured for the bulk
sample at eight different temperatures. Shown in Figs. 2, 3,
and 4 are typical examples of the decay profiles of PL ex-
cited by 5.0-, 6.7-, and 7.3-eV photons, respectively. When
the PL was excited at 5.0 and 6.7 eV, it decays single expo-
nentially with a lifetime (7) of ~4.2 ns regardless of the
temperature. On the other hand, the PL decays nonexponen-

TABLE 1. Peak energy and FWHM of the PLE bands.

Sample Peak energy [eV] FWHM [eV]
5.02 0.41
Bulk 6.65 0.32
7.25 0.43
4.99 0.41
SIMOX 6.69 0.32
7.38 0.50
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FIG. 2. Decay profiles of 4.3-eV PL excited by 5.0-eV photons
measured for the bulk sample at (a) 13 K, (b) 180 K, and {c) 250 K.
Solid lines are fitted with single-exponential functions.

tially for the excitation of 7.3-eV photons, and the decay
deviates more from a single-exponential function at higher
temperature. Such nonexponential decays can be fitted with
the time derivative of a stretched-exponential function,

I(t)oc(BI7")('11) B exp[ - (¢t/7')P]. (1)

Here 7' and B are the effective lifetime and a parameter
which takes a value of 0<fB<1, respectively. For the
SIMOX sample, although similar measurements were diffi-
cult due to the weak PL intensity, the decay was successfully
observed at 13 and 180 K. Figure 5 shows all the observed
results of the lifetime and B. The open rectangles and open
circles are the lifetime data obtained for the bulk and SIMOX
samples, respectively, while the open triangles and double
circles are the B values obtained for the bulk and SIMOX

T M 1
BULK, Excited at 6.7 eV |
(@ 183K, 7=42ns

PL INTENSITY [ARB. UNITS]

10"}

10°

070 20 30
TIME [ns]

FIG. 3. Decay profiles of 4.3-eV PL excited by 6.7-eV photons
measured for the bulk sample at (a) 13 K, (b) 180 K, and (c) 250 K.
Solid lines are fitted with single-exponential functions.
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FIG. 4. Decay profiles of 4.3-eV PL excited by 7.3-eV photons
measured for the bulk sample at (a) 13 K, (b) 180 K, and (c) 250 K.
Solid lines are fitted with the stretched-exponential functions [Eq.

(D).

samples, respectively. The solid circles and solid triangles
are previously reported lifetime data in Refs. 6 and 8, respec-
tively.

Recently, we proposed an energy diagram involving two
configurations of the oxygen-deficient defect, based on the
fact that the lifetime of 4.3-eV PL measured at 45 K was 4.2
ns when excited at 5.0 or 6.9 eV and 2.1 ns when excited at
7.6eV.5 Figure 6 shows the proposed diagram.® The defect is
assumed to have two configurations, depending on the ambi-
ent atmosphere. The 5.0- and 6.9-eV bands are, respectively,
attributed to S; and S, states of the configuration C;, while

T T T T
I (a) Excited at 5.0 eV B

b—(}—D+<D—D—D—QL

'l + 1 4 Il | i H
1 L T
- (b) Excited at 6.7 eV E

6
4
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oL 4
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6
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2
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4 { i i }
~c) éxciteé at 7.33 eV ' ' 11
ANINYN A /
_
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-
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i I 1 | i
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TEMPERATURE [K]

FIG. 5. Lifetime of 4.3-eV PL as a function of temperature for
the excitation at (a) 5.0 eV, (b) 6.7 eV, and (c) 7.3 eV. Open
rectangles and open circles are the lifetime obtained for the bulk
and SIMOX samples, respectively, while solid circles and solid
triangles are the data reproduced after Refs. 6 and 8, respectively.
Open triangles and double circles are the S values obtained for the
bulk and SIMOX samples, respectively.
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FIG. 6. Schematic energy diagram for the two-configuration
model after Ref. 6. The 4.3-eV PL (§,—35) is excited at 5.0 eV
(Sy—S,) and 6.9 eV (S§;—S,) in the configuration C, and at 7.6
eV (§3-S1) in the configuration C,.

the 7.6-eV band is attributed to the lowest excited singlet
state S; of the configuration C,. Conversion between the
two configurations can be caused when electrons are at the
excited states. Therefore, electrons excited from the S; state
by 7.6-eV photons can transfer to §;. These electrons can
move not only to Sy, but also to S, since the defect to
which electrons belong had originally the configuration C,.
However, when the excitation is caused by 5.0- or 6.9-eV
photons, the configuration C, plays no role.

Boscaino et al. threw doubt on the model based on their
observed temperature dependence of the decay of 4.3-eV PL
excited around 7.6 eV.3® According to their results,®® the
4.3-eV PL had virtually no temperature dependence. This is
clearly contradictory to Figs. 4 and 5(c). As shown in Fig. 1,
three distinct PLE bands are seen around 5.0, 6.7, and 7.3 eV
in the present research. Compared to this, their PLE spectra
showed two maxima centered around 5.0 and 6.8 eV. That is
to say, their 6.8-eV PLE band existed at a higher energy than
ours, and it became broader and shifted toward even higher
energy at 10 K than at 300 K. They further reported that their
PL lifetime measured at 300 K is the same for the 6.8- and
7.6-eV excitation.® From these situations, we cannot deny the
possibility that their samples had a very weak PL intensity
when excited at 7.6 eV and that they might have excited the
tail of the 6.7-eV PLE band by 7.6-eV photons. If this is
correct, their result cannot be the basis for throwing any
doubt on our model.

Next, we would like to discuss the present data in the light
of a model alternative to our proposed model, Fig. 6. Such a
comparison better outlines the physics addressed by the
present work. Recently, Pacchioni and Ierano'® have pro-
posed a model based on an ab initio calculation. They as-
sumed that the 4.3-eV PL is directly related to the 7.5- (7.6-)
eV excitation and that there is a slow nonradiative decay
path between the state at 5.3 (5.0) eV and the state respon-
sible for the 4.3-eV PL. This decay path explains well the
longer lifetime for the 5.0-eV excitation. However, as shown
in Fig. 4, the lifetime of PL when excited at 7.3 eV becomes
shorter when the temperature increases. According to
Pacchioni-lerano model, the transition which causes the
4.3-eV PL is the same in both cases of 7.5- and 5.3-eV
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excitations. This requires that the lifetime of the PL excited
by 5.0- (5.3-) eV photons should become shorter by the tem-
perature increase similarly to the one excited by 7.6- (7.3-)
¢V photons. Figure 2 (or 3) does not show such a phenom-
enon, nor did our previous experiment.®’

Recently, there have been several other papers on theoret-
ical calculations'®~?! in this matter, assuming neutral oxygen
vacancy or twofold-coordinated silicon. In these papers,
4.3-eV PL is ascribed to the deexcitation process of the
5.0-eV excitation, which is in line with our assumptions.
However, there is no description of the 7.6-eV excitation.

Another important finding in the present study is that the
decay of PL excited at 7.3 eV shows a lower 8 value at a
higher temperature. This means that the PL deviates more
from a single-exponential decay at higher temperatures. Gee
and Kastner assumed that the activation energy for the non-
radiative decay from the upper electronic state should be
distributed, originating from the structural disorder of
glass.!? Accepting this, one can easily consider that the num-
ber of activated paths with different decay constants in-
creases at higher temperatures. This should be the reason for
the low B value.

BRIEF REPORTS 1593

IV. CONCLUSION

A detailed study of the temperature dependence of the
decay of 4.3-eV PL in a-SiO, shows that the decay of PL
excited at 7.3 eV has a strong temperature dependence, dif-
ferently from PL’s excited at 5.0 or 6.7 V. Such a tempera-
ture dependence is consistent with the model assuming an
energy diagram involving two configurations of the oxygen-
deficient defect.
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Rare-earth-doped SiO, Films Prepared by Plasma-enhanced Chemical Vapor Deposition

Development of Deposition Method and Application of Its Luminescence to Research in Physics
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Rare-earth-doped thin SiO, films were made by plasma-enhanced chemical vapor deposition using a complex containing

chelating ligands and tetraethoxysilane.

By this means of deposition, the film was successfully doped with terbium or erbium

and the luminescence from the film was detected. Furthermore, by making a two-layered sample consisting of the terbium-

doped SiO, film and non-doped SiO, film or fluorine-doped SiO, film and by examining the electroluminescence intensity, it

was found that the acceleration of electrons by electric field is difficult in the fluorine-doped SiO, film.
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Fig. 5 The decay profile of the 550 nm luminescence
for Tb**-doped SiO, film deposited at 300 °C.
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Effects of internal oxidation on the oxygen deficiency and dielectric strength of buried oxide
formed by the separation-by-implanted-oxygen (SIMOX) process
Kwang Soo Seol, Student member, Hidemi Koike, Non-member,
Tsuyoshi Futami, Non-member, Yoshimichi Ohki, Member (Waseda University)

Effects of internal oxidation on the buried silicon dioxide have been studied. The dioxide examined was the buried

insulator in a silicon-on-insulator (SOI)

structure fabricated by implantation of oxygen ions into Si, or the SIMOX process,

The internal oxidation is an oxidation process given to the SOI structure after its fabrication. It was observed that the

photoluminescence intensity due to neutral oxygen vacancies ( O,=Si-Si=0Q,,

“=" denotes bonds with three separate

oxygens) increased after the ‘internal oxidation. The oxide thickness and the number of E', centers (Oy=Si- , “”

denotes an unpaired electron)

were also found to increase similarly. The measurements repeatedly done by changing

the oxide thickness revealed that the increased part of oxide by the internal oxidation contains the vacancies with a
similar density to the original part. It is concluded that the internal oxidation scarcely affects the oxygen deficiency of the

oxide. It was also observed that the number of breakdowns at low electric fislds remarkably decreased after the internal

oxidation, indicating that electrically weak spots such as silicon pipes were effectively reduced.
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oxides with and without the internal oxidation
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Table 1. Saturation level of E', centers for various Si0, films.
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Fig.5. Density of the plasma induced E',
centers as a function of the remaining oxide
thickness for oxides with and without the
internal oxidation.
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Paramagnetic centers and absorption bands induced by ultraviolet photons in Ge-doped SiO, glass are
investigated. Four kinds of samples with different Ge contents were exposed to ultraviolet photons from a KiF
excimer laser (5.0 eV}, a XeCl excimer lamp (4.0 eV), and a KrCl excimer Jamp (5.6 eV). Irradiation with the
KrF excimer laser induces two paramagnetic centers, named Ge(1) and Ge(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 Ge E’ center, while the 5.6-eV photons from the KrCl excimer lamp induce
a Ge(1) besides a Ge E’ center. From these results, Ge(l) and Ge(2) are, respectively, assigned to the Ge
electron center (GEC) and the positively charged Ge oxygen-deficient center (GODC) ", which 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 pair center (GLPC).
Thermally stimulated luminescence (TSL) is also examined in Ge-doped SiO, glass 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 GEC’s. [S0163-1829(98)05407-1]

L. INTRODUCTION

Ultraviolet (uv) photosensitivity of Ge-doped SiO, glass
Is attracting much attention especially for Bragg gratings,’
where the photorefractive index change caused by the uv-
induced absorption®™8 is utilized.>'® Two structural changes
responsible for the absorption change have been reported.
One is the generation of Ge E’ center (==Ge', where sym-
bols “="" and ‘""" denote bonds with three separate oxy-
gens and an unpaired electron, respectively) accompanied by
the decrease of absorption near 5.1 eV due to Ge oxygen-
deficient center (GODC) and the emergence of absorption
near 6.4 eV. Although there are two kinds of GODC’s, it has
been reported that the GODC responsible for this structural
change is the neutral oxygen vacancy (NOV; =Ge—T=,
where T is either Ge or Si).? The other change is the genera-
tion of the Ge electron center (GEC), where an electron is
trapped at a fourfold coordinated Ge.*>'"*2 The generation
of Ge E' center is fairly well understood, but the generation
of the GEC is not fully understood. Although it has been
known that GEC’s are induced by strong uv photons from a
KrF or a XeCl excimer laser through a two-photon
process,“'5 the structure of the electron donor to generate the
GEC is still debated among two types of GODC’s (Refs. 5

0163-1829/98/57(7)/3920(7)/$15.00 57

and 12) and the bridging oxygen.? If this puzzle can be
solved, the mechanism of the generation of the GEC should
be clarified. As a result, it will become possible to increase
the photosensitivity of Ge-doped SiO, glass, thus enabling
fabrication of Bragg gratings with a much higher efficiency.

.B.esides the NOV, the Ge lone-pair center (GLPC;
—Ge— where “*¢ »>’ denotes a lone electron pair), which
also has a large absorption at 5.1 eV,!> has been reported
as the other type of the GODC’s. Absorbing around 5.1-eV
photons, the GLPC shows two photoluminescence (PL)
bands at 4.3 and 3.1 eV. These two PL bands are due to the
electronic transition to the ground state (Sg) from the lowest
excited singlet state (S;) and that from the lowest excited
triplet state (7,) at the GLPC, respectively.'* It has been
reported that the intensity of the 3.1-eV PL decreases with
the occurrence of the uv-induced structural change.”"®
Therefore, it is important to investigate the 3.1-eV PL in
order to understand the mechanism of the structural change
induced by uv-photon irradiation.

In the present research, we have measured the induced
paramagnetic species and optical-absorption change in four
different Ge-doped SiO, glasses upon irradiation of uv pho-
tons from three different photon sources. Furthermore, we
report that thermally stimulated luminescence (TSL), which

3920 © 1998 The American Physical Society
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FIG. 1. Absorption spectra of sample A before (solid line) and
after (dotted line) the irradiation of 20 shots of 5.0-eV photons from
the KrF excimer laser.

is believed to be due to the same origin of the 3.1-eV PL,
appears in the oxygen-deficient Ge-doped SiO, glass irradi-
ated by strong 5.0-eV photons, and we examine the correla-
tion between the TSL and the uv-induced paramagnetic cen-
ters. Based on these experimental results, we propose a
mode! of the photochemical reaction occurring in the genera-
tion of the GEC’s.

I1. EXPERIMENT

Four Ge-doped SiO, glasses, A, B, C, and D with Ge
contents of 1.0, 1.4, 6.9, and 9.2 mol %, respectively, were
prepared by the vapor-phase axial deposition method. They
were cut and polished into plates 0.3 mm thick. A KrF exci-
mer laser (248 nm=5.0 eV, 80 mJ/cm? pulse, pulse duration
of 20 ns), a XeCl excimer lamp [308 nm=4.0eV,
10 mW/em?, full width at half maximum (FWHM) of 0.03
eV], and a KrCl excimer lamp (222 nm=5.6 €V, 7 mW/cm?,
FWHM of 0.05 eV) are used as irradiation photon sources.
The absorption spectra from the visible to uv region were
measured by a Shimadzu UV 160 spectrophotometer. The
induced paramagnetic centers were detected by electron spin
resonance (ESR) with a JEOL RE-2XE spectrometer at the
X-band frequency, and their concentration was evaluated by
comparing the double-integrated intensity of the first-
derivative spectrum with that of the signal from a standard
diphenylpicrylhydrazyl sample of a known weight (the accu-
racy of the standard is believed to be +20%).

For the PL and TSL measurements, the KrF excimer laser
was used as the photon source. To measure the PL or TSL
spectrum at a defined temperature, the PL or TSL dispersed
by a monochromator (Jobin Yvon, HR320) was observed by
a multichannel detector (Princeton, RY1024). To measure
the change in the TSL intensity with temperature, the dis-
persed TSL was detected by a photomultiplier while heating
the sample at a rate of 3—8 °C/min. The laser photon irradia-
tion, the absorption measurement, and the ESR measurement
were done at room temperature.

L. RESULTS
A. Photoinduced absorption and paramagnetic centers

The solid line in Fig. 1 shows the original absorption
spectrum of sample A. The absorption at 5.1 eV, which
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FIG. 2. Absorption spectrum induced by the irradiation of 20
shots of 5.0-¢V photons from the KrF excimer laser in sample A
(solid line). Dotted lines are three spectral components with Gauss-
ian line shapes whose peak positions and FWHM’s are shown in
Table L.

really consists of two different absorption components due to
the two types of GODC’s, NOV, and GLPC>"*'"* is ob-
served in the spectrum. This absorption is observed in all the
samples. This means that all the samples are of the oxygen-
deficient type. The dotted line in Fig. 1 is the absorption
spectrum of sample A after a 20-shot irradiation of photons
from the KrF excimer laser. The photoinduced absorption
spectrum obtained by subtracting the solid line from the dot-
ted line is shown in Fig. 2. The induced spectrum is divided
into one negative and two positive Gaussian components
with peak positions and FWHM’s shown in Table I. Laser
irradiation of the other samples also induced similar absorp-
tion changes.

The ESR spectrum induced in sample A by the 20-shot
irradiation of photons from the KrF excimer laser is shown
in Fig. 3. Two signals named Ge(1) and Ge(2) (Refs. 8, 11,
and 12) are observed, although there still remain debatable
points on the assignment of their structures. In Ref. 11, Ge(1)
and Ge(2) are assigned to two kinds of GEC’s. Namely,
Ge(1) is assigned to the GEC of which all the next-nearest
four neighbors are silicons (referred to as the NNS in the
present paper), while Ge(2) is assigned to the GEC which
has one Ge atom at the next-nearest neighbors (NNG). On
the other hand, in Ref. 12, they are, respectively, assigned to
the GEC and the hole center of the GODC, which donated an
electron to GEC. The total density of the induced paramag-
netic centers shown in Fig. 3, i.e., the sum of Ge(l) and
Ge(2), is 7.1x 107 cm™. Similar ESR spectra were ob-
served in all the other samples after similar irradiation by
laser photons.

Figure 4 shows the correlation between the intensity of
each Gaussian absorption compcnent and the total induced
density of the paramagnetic centers for the four samples
upon the irradiation of photons up to 20 shots from the KrF
excimer laser. A good proportionality with a sample-
independent slope is seen between the intensity of each com-
ponent and the density of the induced paramagnetic centers.

Figure 5 shows the ESR spectra induced in sample A after
50-h irradiation of photons from the two excimer lamps. The
spectrum (a) is for 4.0-eV photons from the XeCl excimer
famp and (b) is for 5.6-eV photons from the KrCl excimer
lamp. Spectra (a’) and (b’) represent the expansion of spec-
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TABLE 1. Peak positions and values of FWHM of the three
absorption components.

Peak position (eV) FWHM (eV)
4.5 1.3
5.1 04
5.8 1.2

tra (a) and (b) in the region surrounded by the dotted box,
respectively. Spectrum (a) is recognized as the signal of
Ge E' centers with a density of 5.7X10" cm™, while
spectrum (b) is divided into the signal of Ge E' centers
(~7.1x 10" cm™3) and that of Ge(1) (~3.5X 10" cm™?).
The signal of Ge(2) is not seen in the two spectra, even if the
measurements were done under increased sensitivity. For all
the other samples, a similar ESR spectrum was observed if
the irradiation condition was similar. Contrary to the fact that
ESR signals were thus induced, no change was observed in
the absorption spectrum by the irradiation of photons from
either of the two lamps in any of the four samples. This is
because the number of paramagnetic centers induced by the
irradiation, which is two orders of magnitude smaller than
that induced by 20-shot irradiation of KrF excimer laser pho-
tons, is too small.

B. PL and TSL

Sample B was used for the PL and TSL measurements.
To measure the TSL spectrum, the sample, which had been
irradiated by the KrF excimer laser photons at room tempera-
ture and kept at room temperature for a few minutes, was put
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(1) and Ge(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.

g=2.001

\

A‘ Ge(2)
Ge(l)  g=1.9866
g=1.9933

330 T T3 3
Magnetic field (mT)
FIG. 3. ESR spectrum induced by the irradiation of 20 shots of

5.0-eV photons from the KrF excimer laser in sample A. Two ESR
signals, named Ge(1) and Ge(2), are observed.
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FIG. 4. Correlations between the intensities of the three absorp-
tion bands at 4.5, 5.1, and 5.8 eV and the total density of the
paramagnetic centers in the four samples induced by the irradiation
of photons of 5.0 eV up to 20 shots of the KrF excimer laser.

This 3.1-eV PL is due to the electronic transition from 7T,
state to S, 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
sample after the irradiation of six laser pulses at room tem-
perature. The TSL intensity reaches maximum around
220 °C and becomes almost zero around 300 °C. There is no
difference among the TSL spectra at different temperatures

0.1mT

X2 ()

T

] Ge(1)
Ge E'center g2.0008
¢=2.0012

&)

FIG. 5. ESR spectra induced in sample A by 4.0-eV photons
from the XeCl excimer lamp (a) and by 5.6-eV photons from the
KrCl excimer lamp (b). Broken lines are the signals observed under
increased sensitivity of five magnifications. Spectra (a’) and (b’)
represent the expansion of spectra (a) and (b) in the region sur-
rounded by the dotted box, respectively.
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FIG. 6. TSL spectrum observed at 300 °C (solid line) and PL
spectrum due to the GLPC (dotted line).

as shown in the inset, where normalized spectra at 100 °C
(a), 200 °C (b), and 300 °C (c) are shown. The solid and the
dotted lines in Fig. 8 show the spectra obtained by subtract-
ing the absorption spectrum observed before the laser-photon
irradiation from those observed before and after the TSL
measurement shown in Fig. 7, respectively. From this figure,
it is obvious that the photoinduced absorption seen before the
TSL measurement almost disappears after the TSL measure-
ment. Samples with different intensities of the photoinduced
absorption were prepared by changing the number of irradi-
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
during the TSL measurement and the total TSL intensity
calculated by integrating the observed TSL curve with the
measurement time is investigated. Figure 9 shows the result,
where the decreased absorption is divided into the three
Gaussian components shown in Table I. A good linear pro-
portionality is observed between the total TSL intensity and
the decrement or the increment of each absorption compo-
nent. Since the increment of the 5.1-eV absorption means the
recovery of this absorption that had been decreased by the
laser irradiation, the TSL and the regeneration of the defect
responsible for the 5.1-eV absorption are induced by a ther-
mal process that bleaches the photoinduced defects respon-
sible for the absorptions at 4.5 and 5.8 eV.

A sample was loaded with H, at a pressure of 170 atm for
two weeks at room temperature and then irradiated with six

. N T T T M H
a | E
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5 g )
8 4 @
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5 0.5 |
2
R=!
ol
n
I

100 700 300

Temperature ("C)
FIG. 7. Change in the TSL intensity, monitored at 3.1 eV, while

heating the sample. The inset shows normalized TSL spectra ob-
served at 100 °C (a), 200 °C (b), and 300 °C (c).

Photon energy (eV)

FIG. 8. Differential absorption spectra obtained by subtracting
the absorption spectrum before the laser photon irradiation. from
those before (solid line) and after (dotted line) the TSL measure-
ment shown in Fig. 7.

laser pulses. The ESR spectrum observed in this sample is
shown in Fig. 10. Only Ge(1) (2.1x 10'7 cm™) is observed,
and Ge(2) is not. Even though the laser irradiation condition
is the same as that for the non-Hy-loaded sample, showing
the TSL, the TSL was hardly observed in the Hj-loaded
sample; about three orders of magnitude smaller than the
non-H,-loaded sample.

IV. DISCUSSION
A. Generation mechanism of GEC

First, the absorption bands, the ESR signals, and the struc-
tures that are being discussed are tabulated in Table II for
convenience. By the irradiation of photons from the KrF ex-
cimer laser, the absorption change shown in Fig. 2 is in-
duced, and the paramagnetic centers named Ge(1) and Ge(2)
are generated. As there is a good proportionality between the
intensity of the decreased absorption at 5.1 eV and the total
density of the induced paramagnetic centers, it is natural to
consider that some defect that has absorption at 5.1 eV
strongly contributes to the generation of the paramagnetic
centers. Since there is no absorption around 5 eV in oxygen-
rich Ge-doped SiO, glass,”’m'17 the defect should be either
of the two types of GODC’s. As mentioned above, there are
two assumptions concerning the correspondence of the de-

T T T i T T T T T
5.1eV
'E
2
o
2
£
2
<
<
58eV
_-l:.l.l.l.i
100 02 04 06 08 1

Total TSL intensity (arb. units)

FIG. 9. Correlation between the total TSL intensity and the ther-
mally breached intensity of the laser photon-induced absorption
during the TSL measurement. The increment of the 5.1-eV absorp-
tion means the recovery of this absorption, which was decreased by
the photon irradiation.



3924 MAKOTO FUJIMAKI et al. 57

Ge(1)
2=1.9933

W6 3T 338 339340 341
Magnetic field (mT)

FIG. 10. ESR spectrum of the paramagnetic centers induced in
the Hy-loaded sample by the laser irradiation.

fect structure of the GEC to the ESR signals Ge(l) and
Ge(2).''"12 Whichever assumption we may stand on, the GEC
is an electron trapped center at a fourfold coordinated Ge.
This indicates that the GODC should be the electron donor.
Therefore, the following photochemical reaction is proposed:

GeOq4 + GODCat5.1eV
(fourfold coordinated Ge)
—>  (Ge0y)" + (GODC)" .

GEC (positively charged GODC)

Ge(1) and Ge(2) (in Ref. 11)

Ge(1) Ge(2) (in Ref. 12)
(D
The bottom two lines of the right term show the ESR signals
that should be assigned. Of course, there may exist electrons
that are released from the GODC but are not trapped at any
fourfold coordinated Ge. Therefore, the following relation
between the number of GEC’s and that of electrons (e ) are

established:

GEC:e =y:1—-y, O<ys=Il. (2)
The ratio y should be higher in the sample with a higher
content of Ge, since fourfold coordinated Ge should exist
more and the probability that the electrons are trapped should
be higher in such a sample. The only one exception occurs
when y=1. Namely, if all the electrons released from the
GODC'’s are trapped, y is unity and becomes independent of
the sample. In Fig. 4, it is clearly shown that the linear rela-
tionship between the decreased intensity of the 5.1-eV ab-
sorption and the total density of the induced paramagnetic
centers, Ge(1) and Ge(2), does not depend on the sample.
This means that the value of y is unity. Therefore, it is con-
cluded that the number of induced GEC’s is equal to the

number of induced (GODC)™"’s in the present samples.

TABLE II. Absorptions, ESR signals, and structures being dis-
cussed. Note that the side-to-side correspondence is not indicated.

Absorption ESR signal Structure

4.5 eV Ge(1) GEC (1) NNS
(2) NNG

58 eV Ge(2) (GODC)* (1) (GLPO)*
(2) (NOV)”*

5.1 eV GODC (1) GLPC
(2) NOV
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FIG. 11. Correlation between the 4.5- and the 5.8-eV absorption
bands in the four samples.

The induced absorption bands at 4.5 and 5.8 eV are also
proportional to the induced paramagnetic centers as shown in
Fig. 4. Here, according to Ref. 11, let us first assume that
Ge(1) and Ge(2) are the two kinds of GEC’s, i.e., NNS and
NNG, respectively. In this case, the abscissa in Fig. 4 repre-
sents the total density of GEC’s. From the good proportion-
ality shown in Fig. 4, these absorption bands and GEC’s
should correlate with each other. Figure 11 shows that the
ratio between the induced absorption intensities at 4.5 and at
5.8 eV is constant throughout all four samples examined.
Since the probability of the existence of Ge atoms at the
next-nearest neighbors should be higher in the sample with a
higher content of Ge, NNG should be induced more in such
a sample. Therefore, if the two absorptions at 4.5 and 5.8 eV
are, respectively, assigned to NNS and NNG as was assumed
in Ref. 18, the intensity ratio of the induced absorption at 5.8
eV to that at 4.5 eV should be higher in the sample with a
higher content of Ge. This contradicts the resuit shown in
Fig. 11. Therefore, the above assignment that the two ab-
sorptions at 4.5 and 5.8 eV are, respectively, due to NNS and
NNG is unlikely to be correct. The reverse assignment that
NNS to the 5.8-eV absorption and NNG to the 4.5-eV ab-
sorption is also unlikely for the same reason. Next, since the
difference in g value between the two ESR signals Ge(1) and
Ge(2) means that their excited states are different, NNS and
NNG should have different absorptions.' Therefore, it is
difficult to consider that both NNS and NNG have either of
the two absorption bands at 4.5 and 5.8 eV or both. To con-
clude, the only one remaining possibility is that either the
NNS or NNG has both absorptions, provided that the two
GEC’s, NNS and NNG, have different ESR signals.

As discussed in relation to Eq. (1), it is highly probable
that two paramagnetic centers, the GEC and (GODC)™, are
induced when the sample is exposed to the KxF excimer laser
photons. Therefore, if the GEC is distinguishable by the
number of neighboring Ge atoms, there must exist at least
three kinds of ESR signals in the irradiated sample. Provided
that Ge(1) and Ge(2) were, respectively, assigned to NNS
and NNG, there would be no ESR signal to be assigned to
the (GODC)*. The model that the paramagnetic .centers
Ge(1) and Ge(2) should be, respectively, assigned to the
GEC and (GODC)* (Ref. 12) seems to be more probable. In
this model, the two GEC’s (NNS and NNG) would have to
be indistinguishable by ESR. Then, the above-mentioned as-
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) ",
the linear proportionality between the induced absorption in-
tensities at 4.5 and 5.8 eV shown in Fig. 11 is explainable by
assuming that one of the two absorptions is due to the GEC
whose ESR signal is Ge(l) and the other is due to the
(GODC)* whose ESR signal is Ge(2). Therefore, the two
absorptions are considered to be, respectively, due to the
GEC and (GODC)*, even though which absorption is due to
which defect cannot be determined. However, there still re-
mains the possibility that both absorptions at 4.5 and 5.8 eV
are due to either the GEC or the (GODC)*. More analyses
about the assignment of the absorptions at 4.5 and 5.8 eV
will continue in a future paper.

So far it has been concluded that the induced paramag-
netic centers consist of the GEC and (GODC) *. Because the
number of the induced GEC is considered to be equal to the
number of the induced (GODC)*, and also because the ac-
curate separation of the two signals is very difficult, the den-
sity of (GODC)™ is estimated to be half of the total density
of the two signals. This (GODC)* density induced by the
irradiation should be equal to the decreased density of the
GODC. From the intensity and the FWHM of the decreased
5.1-eV absorption band due to the GODC and the decreased
density of GODC, the oscillator strength (f ) of the GODC
for the 5.1-eV absorption is calculated by the following
Smakula’s formula:*°

Nf=0.87X10naw/(n?+2)?, (3)

where n is the refractive index of glass, & (cm™!) the ab-
sorption coefficient at the peak of the absorption band, w
(eV) the FWHM, and N (cm™?) the defect concentration.
From Eq. (3), we obtained f of ~0.1. From the above con-
tention, it is concluded that the electron donor to generate
GEC is the GODC, which has absorption at 5.1 eV with the
oscillator strength of 0.1. For the absorption at 5.1 eV, two
types of GODC’s, NOV and GLPC, have been assigned.’
Although it is known that NOV is converted to the Ge £’
center by the irradiation of uv photons and that electrons are
released during this reaction,*! the released electrons do not
generate a GEC.? Furthermore, the oscillator strength of a
NOV for the 5.1-eV (in Ref. 2, 5.06 eV) absorption has been
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 eV (in Ref. 2, 5.16 eV)
absorption is reported to be 0.1,> which agrees quite well
with the present result. These two important facts that it is
Ge E’ center and not GEC which is induced from NOV and
that the oscillator strength of NOV is 0.4 were also con-
firmed for all the present samples by similar experiments to
those reported in Ref. 2 using a Hg/Xe lamp. Furthermore, it
has been reported Ge E' centers are induced from NOV
through a one-photon process of 5-eV photons, and that
GEC’s are induced through a two-photon process of 5-eV
photons.** From these reports and our results, it is concluded
that the electron donor to generate GEC is not a NOV but a
GLPC. This in turn advances the aforementioned assignment
of Ge(2) to the conclusion that Ge(2) should be assigned to
(GLPC)™.

As shown in Fig. 5, the irradiation of 4.0-eV photons
from the XeCl excimer lamp induces only Ge E’ centers,

and the generation of GEC’s is not observed. On the other
hand, 5.6-eV photons from the KrCl excimer lamp induce
the ESR signal of Ge(l), which should be assigned to a GEC
as mentioned above, besides Ge E' centers. It has been also
reported that the irradiation of photons from a Hg/Xe lamp
induces only Ge E' centers” and that the irradiation of strong
4.0-eV photons from a XeCl excimer laser induces GEC’s as
well as Ge E' centers.* From these results, we can estimate
the threshold photon energy to induce the GEC. A two-
photon process easily occurs in the case of the XeCl excimer
laser, while it never occurs in the case of the Hg/Xe or the
two excimer lamps. Therefore, the above results, together
with the above-mentioned fact that the generation of GEC is
not observed in the case of a one-photon process of 5-eV
photons, indicate that the threshold photon energy of the ion-
ization of, or the electron release from, the GLPC to generate
the GEC is higher than 5.0 eV and lower than 5.6 eV. The
authors have revealed that the absorption beginning from a
position slightly below 6 eV seen in Fig. | is caused by the
electronic transition from the ground state of the GLPC to
the conduction band.'” It is reasonable to assume that the
ionization of the GLPC is caused by exciting electrons into
the edge of the conduction band and that the transfer of elec-
trons to generate the GEC is done through the conduction
band, at least for the case of the KrCl excimer lamp. To the
authors’ knowledge, the lowest reported photon energy to
induce the GEC was 8.0 eV through a two-photon process of
the photons from a XeCl excimer laser. By the present
study, the threshold energy is found to be much lower.
From Fig. S, another important fact is deduced. While
Ge(1) and Ge E' center were induced by the KrCl excimer
lamp, Ge(2) was not. This might contradict the conclusion
that Ge(1) (=GEC) and Ge(2) [ =(GLPC)*] are induced in
the same number. The Ge E' centers are mainly generated
from NOV’s by releasing electrons.>?' The released elec-
trons would neutralize the (GLPC)*’s, which otherwise
should have been observed in the same number as GEC’s.
Furthermore, these facts strongly support the model that
Ge(2) is not the NNG but the (GLPC)*. If Ge(1) and Ge(2)
should, respectively, correspond to the NNS and NNG, the
above-mentioned results would never be observed.

B. TSL

It is obvious that the TSL is due to a photoinduced struc-
tural change, since it is not observed without the laser irra-
diation. Furthermore, since the two spectral shapes shown in
Fig. 6 are almost the same and since no other PL. bands have
been reported around 3.1 eV, it can be concluded that the
TSL is due to the electronic transition from T, state to S,
state at the GLPC as in the case of the 3.1-eV PL. Then, we
can assume that electrons first trapped at a certain defect are
thermally detrapped and move to 7T, state of the GLPC.
Therefore, the total TSL intensity should be proportional to
the number of electrons thermally supplied to the GLPC’s.
Since, as shown in Fig. 9, the total TSL intensity is propor-
tional to the thermally bleached intensity of each photoin-
duced absorption component shown in Fig. 2, it is considered
that the TSL is induced by the thermally bleaching process
of the GEC’s, namely, the reverse reaction of Eq. (1).
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The present results on TSL give strong validation to the
model that the electron donor to generate the GEC’s is the
GLPC. As mentioned above, the reverse reaction of Eq. (1)
causes the TSL. That is to say, the electrons thermally de-
trapped from the GEC’s are supplied to positively charged
electron donors and that the subsequent electronic transition
in the neutral electron donors shows the TSL. On the other
hand, the TSL should be due to the electronic transition at
the GLPC as mentioned above. Therefore, if we suppose that
the electron donor is the bridging oxygen,* the TSL phenom-
enon cannot be explained. The only possibility that can ex-
plain TSL is that the electron donor must be the GLPC. The
electrons thermally detrapped from the GEC’s are captured
by the (GLPC)*’s, and the neutralized GLPC’s are then de-
excited by moving down the electrons to S, state via T,
state, through which the TSL occurs. The fact that the 5.1-eV
absorption that is considered to be due to the GLPC (Ref. 2)
increases proportionally with the total TSL intensity strongly
indicates that the regeneration of the GLPC causes the TSL.

As shown in Fig. 10, Ge(2) is not induced in the
H,-loaded sample by the laser irradiation. Since both Ge(1)
and Ge(2) are observed in the non-H,-loaded sample, Ge(2)
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
supports that Ge(1) and Ge(2) are assigned to the GEC and
(GLPC)*, respectively. The disappearance of Ge(2) in the
H,-loaded sample indicates that the (GLPC)™ is terminated
by hydrogen. Therefore, the TSL should not be observed in
this sample. This is really the case in the present research.

V. CONCLUSIONS

The generation mechanism of the GEC in Ge-doped SiO,
glass has been investigated through absorption and ESR
measurements with three different photon sources. It was
found that clear proportionalities, which do not depend on
the Ge content in the sample, exist between the generation of
paramagnetic centers [Ge(1) and Ge(2)], the decrease in the
5.1-eV absorption, the increase in the 4.5-eV absorption, and
the increase in the 5.8-eV absorption. It was also found that
the 5.6-eV photons from the KrCl excimer lamp induce the
GEC. Furthermore, TSL with quite a similar spectrum as that
of the PL due to the GLPC’s appears in the sample that was
irradiated by the KrF excimer laser. From these experimental
results, the following facts are clarified. (1) By the laser ir-
radiation, electrons are released from the GLPC’s and the
GEC’s are generated. The reverse reaction can be induced
thermally, where electrons are detrapped from the GEC’s
and are supplied to the (GLPC)*’s. The electrons are further
deactivated to S, state of the GLPC via T, state, and this
process causes the TSL. (2) The ESR signals Ge(l) and
Ge(2) are assigned to the GEC and a hole trapped at the
GLPC, respectively. (3) The threshold photon energy to gen-
erate the GEC is between 5.0 and 5.6 eV.
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Using synchrotron radiation as a photon source, photoluminescence spectra were obtained for buried
oxide formed by implantation of oxygen. From the spectra, the oxide was known to have relaxed
and unrelaxed neutral oxygen vacancies with respective concentrations of 1.4X10% and
1.0X 107 cm™3. © 1998 American Institute of Physics. [S0021-8979(98)01204-3]

Buried oxide (BOX) layers in the silicon-on-insulator
structure separated by implanted oxygens (SIMOXs) have
become widely used for a high speed metal-oxide-
semiconductor (MOS), a radiation-hardened complementary
MOS (CMOS), and other smart devices.!™ Many studies
have been done recently on the nature of BOX,>/ since it
plays an important role in determining the device properties.
It has been known that the BOX is far more oxygen-deficient
than the conventional thermal oxide,™® and that this defi-
ciency is believed as one reason for unusual behavior of
BOX, such as enhanced electrical conductivity, charge
buildup, and sensitivity to defect generation.

Our previous photoluminescence (PL) studies®’ have
shown that BOX contains neutral oxygen vacancies (==Si—
Si==, “=="" denotes bonds with three separate oxygens)
which are typical in oxygen-deficient amorphous SiO,.% In
the present article, the vacancy concentration in BOX is es-
timated by measuring the PL intensity.

In any material, the concentration (N) of photoabsorbing
defects can be easily estimated from the following equation
by measuring the optical absorbance (A) if their absorption
cross section (o) and the sample thickness (L) are known:

A=La=LoN, (1)

where « is the optical absorption coefficient. However, in the
case of the present BOX sample, it is impossible to measure
A because of the opaqueness of the Si substrate. One pos-
sible method to estimate the concentration of oxygen vacan-
cies is to measure the PL emitted from the vacancies. It is
known that the 4.3-4.4 eV PL is the luminescence from the
vacancies® and that its two excitation bands at 5.0 and 7.6 eV
are due to absorptions by ‘‘unrelaxed’” and ‘‘relaxed” oxy-
gen vacancies, respectively.® Here, the unrelaxed vacancy
has a larger bond length between the two silicons and the
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relaxed vacancy has a shorter one.® The PL intensity (I pL)
normalized by the excitation photon intensity (Igx¢) is given
by,

Ip /Igxc=nX[1—exp(—al)]. )]

Here, 7 is the quantum efficiency of the PL. It is reasonable
to assume that the true quantum efficiency for a specific PL
by a specific PL excitation band, namely the PL photon num-

. bers induced by a certain number of incident photons, is

independent of the sample whether it is a thick silica glass or
a thin BOX layer. Of course, such a true efficiency cannot be
measured in actual experiments. First, since /gxc was mea-
sured with a photomultiplier coated with sodium salicylate
whose fluorescent quantum yield is constant between 4 and
20 eV, Ipxc in the present research represents only a rela-
tive number of the incident photons. Second, although all the
experimental conditions such as the configuration of photo-
detecting systems were exactly the same for the two samples,
the two samples differ in the point that the BOX layer has a
Si substrate at its back. Some of the incident photons, which
should pass through the silica glass, could be reflected by the
Si substrate. Reflectance at the interface between crystalline
Si and vacuum is reported to be 60%—70% at 4.3, 5.0, and
7.6 eV.!! The reflectance at the present SiO,/Si interface
should be somewhat smaller, while the reflectance at
SiO,/vacuum interface could be assumed zero. The reflec-
tance at Si0,/Si increases not only the effective incident
photons but also the effective PL intensity. Therefore, if we
assume the reflectance at the Si0,/Si interface to be 60%,
the effective value of 7 for the BOX sample becomes (1.6)?
times as high as that for the silica glass.

We first measured PL intensities from an oxygen-
deficient silica glass, the @ value of which had been calcu-
lated by measuring the absorbance. Then, under the same
condition, PL intensities were measured on the BOX layer.
The PL measurement was carried out at 13 K using synchro-
tron radiation at the Institute for Molecular Science, Oka-
zaki, Japan, with the measurement details described in Refs.
6 and 7. The investigated silica glass was manufactured by

© 1998 American Institute of Physics
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FIG. 1. PL spectra excited by 5.0 and 7.6 ¢V photons measured for the BOX
layer at 13 K. The PL intensity is calibrated by the intensity of excitation
photons.

the soot remelting method and its thickness is 0.7 mm. The
SIMOX sample was fabricated by implanting O™ ions up to
a dose of 3.7% 10"7 cm™?2 with an energy of 180 keV into a
Si substrate, and subsequent annealing in an Ar atmosphere
followed by oxidation at 1350 °C for several hours.” The
thickness of the BOX layer is about 130 nm. For the PL
measurement, the thermal oxide and the Si layer over the
BOX were, respectively, removed by soaking the sample ina
HF solution and subsequently in a KOH solution.

Figure 1 shows the PL spectra from the BOX layer ex-
cited by 5.0 and 7.6 eV photons. The PL band with a peak at
4.3-4.4 eV appears regardless of the excitation photon en-
ergy. The PL intensity shown in Fig. 1 was calibrated by
taking the intensity variation of the excitation photons into
consideration. Quite similar PL spectra were obtained for the
glass sample. The measured apparent values of Ip /Iy €x-
cited at the 5.0 eV excitation band and at the 7.6 eV band
are, respectively, 2.0X107™% and 1.1x107* for the glass
sample, while they are, respectively, 2.6X 1075 and 4.8
% 1075 for the BOX layer. The values of the absorption co-
efficient a of the glass sample are calculated to be 7.0
X103 and 24 cm™! at 5.0 and 7.6 eV, respectively, by
measuring the absorbance A at each photon energy. Then, by
substituting the values of Ip /Igxc. @, and L into Eq. (2), the
value of 7 for the silica glass measured with the present
system is calculated to be 4.0X 107" and 1.4X107* for the
5.0 eV photons and the 7.6 eV photons, respectively. As
mentioned above, the effective values of 7 for the BOX layer
are considered to be (1.6)2 times as high as these values. If
s0, using the values of Ip /Igxc and L for the BOX layer, «
can be obtained as 2.0 for the 5.0 eV absorption band and
1.1X 10* for the 7.6 eV band. Since o is known to be 2
%1077 and 81077 cm? for the 5.0 and 7.6 eV bands,
re:spectively,8 the concentration N of the photoabsorbing de-
fects in the present BOX layer is calculated to be 1.0
% 10" em™3 for the unrelaxed neutral oxygen vacancies and
14X 10% cm™? for the relaxed ones. The concentrations in
the glass sample are similarly calculated to be 3.5X 10" and
3.0x 10'7 cm™3 for the unrelaxed and the relaxed vacancies,
respectively. The values obtained above are tabulated in
Table I for readability. It can be concluded that the vacancy
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TABLE 1. Summary of the obtained values.

Silica glass BOX layer

L 0.7 mm 130 nm
aat50eV (em™h) 7.0%1073 20

(By transmission) (By calculation)
aal7.6eV (cm™h) 2.4x% 10! 1.1x 10*

(By transmission) (By calculation)
Ip Hgxc at 5.0 eV 2.0x107* 26x107°
Ip Hgxc at 7.6 eV 1.1x1074 48x1073
pat50eV 40%x107! 1.0
7at 7.6 eV 1.4x107* 3.6x107*
N of unrelaxed 3.5x 10" 1.0x 10"
vacancies (cm ™)
N of relaxed 3.0x 10" 1.4%10%°

vacancies (cm™?)

{Note). L:thickness; a: absorption coefficient; /p; @ PL intensity; Igxc ' in-
tensity of PL excitation photons; 7 : apparent quantum efficiency of PL; and
N: vacancy concentration.

concentrations in the BOX layer are about 300400 times as
high as those in the glass sample.

In our previous article,” we measured concentrations of
E ; centers (=Si-, ‘“->’ denotes an unpaired electron) of
BOX layers with electron spin resonance after exposing the
samples to a plasma. The E ; concentration in the BOX layer
formed under the same condition as that of the present
sample was about 1.0X 10! cm ™. The fact that the sum of
the concentrations of the two types of oxygen vacancies es-
timated in the present research is larger than the concentra-
tion of E centers, but not so significantly with a ratio of
about 14 times, is understandable since both of the neutral
oxygen vacancies are believed to be converted into E’
centers,? and since plasma exposure is known to induce E,
centers very efficiently compared with other activation
sources such as x- and y—rays.12 Furthermore, the concentra-
tion ratio between the relaxed vacancies and the unrelaxed
vacancies, 0.8X 10 for the glass or 1.4X 10° for the BOX, is
also reasonable since the two values are not so different and
since the relaxed state is more stable than the unrelaxed
state®
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Abstract

Oxygen-deficient-type defects in a-SiO, were studied by means of photoluminescence (PL) measurements. Various
properties of the 4.4-eV PL such as the decay lifetime and the temperature dependence in oxygen-deficient-type
a-5i0, can be explained in terms of an energy diagram involving two configurations of the oxygen-deficient-type
defect. The 4.4-eV PL observed from the ion-implanted thermal oxides and the oxides prepared by the plasma-en-
hanced CVD method, has a stretched-exponential decay, suggesting a large structural distribution in the local
network structures. A PL band at ~ 1.8 eV associated with highly oxygen-deficit states is also observed in
oxygen-deficient-type a-SiO, after high-dose +y-irradiation (dose: 10 MGy). © 1997 Elsevier Science B.V.

1. Introduction deficit states in a-SiO,. One of the well-studied
defects in a-SiO, associated with the oxygen-def-
icit states is the E) center [3,4]. A model has been

Recent research on the properties of Si crystals developed by Fowler et al. [5,6]:
in a-Si0O, [1,2] gives renewed interest in oxygen-

=8i-Si=-»=8i*Si= +e~. 0
* Corresponding author. Tel.: +81-426 772 738; fax: +81- While the .E,l chcr in a-5i0, has been
426 772 737, e-mail: nishi@eei.metro-u.ac.jp thoroughly investigated by means of electron-
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spin-resonance [3,4], our knowledge of the neutral
oxygen vacancy (= Si-Si =) in the left hand side
of Eq. (1), has been limited mostly to the UV and
VUV optical absorption [7-11). Also, photolumi-
nescence (PL) data had been limited to those
obtained by conventional measurement tech-
niques [8,12,13]. However, our understanding has
recently been advanced by the study of the PL
decay kinetics using synchrotron radiation (SR)
(14-17]. Based on these studies, we proposed an
energy diagram shown in Fig. 1 for the 4.4-eV PL
in oxygen-deficient-type a-SiO, [14].

In the present paper, we report our study on
the PL associated with oxygen-deficient-type de-
fects in various forms of a-SiO, including thin
films, such as buried oxides as well as bulk silica,
on the basis of the temperature dependencies of
the PL and PLE spectra, and the decay lifetimes.
We also report our recent observation of a visible
PL band induced by high-dose v-irradiation, which
is similar to the Si crystals in a-SiO, [1,2].

2. Experimental procedures

Samples used in the present study are oxygen-
deficient-type bulk silica and thin films with a

S2 == St VY=

' kc
6.9 eV
S1 .
| kec 7.6 eV
44e
50eV| kg kyg

So l l So' —

Cq C2

Fig. 1. Proposed energy diagram for the 4.4-eV PL band in
oxygen-deficient-type a-SiO, (11]. Two configurations, C, and
C; of the oxygen-deficient-type defect are illustrated. The C,
configuration is responsible for the luminescence at 4.4 eV
(S; — Sy) for the 5.0 eV (S, S,) and 6.9 eV (S4~S,)
excitations, and C, for the 7.6 eV excitation (S, — S)). The
symbols, kp and kyg represent radiative and non-radiative
decay rate constants, respectively. Also illustrated is the con-
version from C, to C, upon the 7.6 eV excitation with a rate
constant, k¢, followed by reconversion back to the C, con-
figuration with kg¢.

thickness of ~ 100-1000 nm. We define in the
present paper the term ‘oxygen-deficient-type a-
SiO,’ as a sample which has either optical absorp-
tion bands at 5.0 eV and 7.6 ¢V or PL bands at
2.7 eV and 4.4 eV, whose intensities can be varied
as a function of oxygen supply during the synthe-
sis [18]. Bulk silica samples were prepared by
cither the chemical-vapor-deposition (CVD)
soot-remelting method [19] or the Ar-plasma
method [18]. Thin-film samples include thermal
oxides on Si, plasma-enhanced CVD (PE-CVD)
oxides prepared at a substrate temperature of
600°C [15], and buried oxides prepared using the
separation by the implantation of oxygen
(SIMOX) technique [17]. In order to introduce
oxygen-deficient-type defects, phosphorus ions
were implanted into the thermal oxides [16). In an
attempt to create further oxygen-deficit states, we
carried out a high-dose ®Cov irradiation (dose:
10 MGy) on oxygen-deficient-type bulk a-SiO,
[20].

Optical absorption and PL measurements were
carried out in the ultraviolet (UV) and vacuum
UV (VUV) regions using a synchrotron radiation
(SR) facility at UVSOR (Institute for Molecular
Science, Okazaki, Japan) or using a KrF excimer
laser. During the PL measurements, the sample
temperature was varied from 10 to 300 K. The PL
decay kinetics were measured by means of a
time-correlated single photon counting technique
using the SR under a single bunch operation [14].

3. Results
3.1. Bulk a-Si0O,

Shown in Fig. 2 are (a) PL and optical absorp-
tion spectra and (b) PL excitation (PLE) spectrum
obtained for an oxygen-deficient-type a-SiO,
sample measured at 10 K. The absorption spec-
trum has peaks at 5.0 eV and 7.6 eV. The PL
band at 4.4 eV was observed under excitation at
5.0 eV and at 6 to 8 eV, as shown in the PLE
spectrum of Fig. 2b. It should be noted that the
2.7-eV band [21], which is usually observable
together with the 4.4-eV band was not observed
here due to the spectral response of the system.

In order to see the difference between the PL
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Fig. 2. (a) Photoluminescence and optical absorption spectra
and (b) PLE spectrum obtained at 10 K for the 44-eV PL
band in oxygen-deficient-type a-SiO,.

observed under different excitation energies, we
measured the energy dependence of the PL decay
lifetime. Fitting was performed on the decay
curves obtained under different excitation ener-
gies using a function

1) = Zl(O)scxp(wt/T;), (2)

where the values of 4.2 ns, 4.3 ns and 2.1 ns were
employed for 7, 7,, and 7, respectively, based on
previous data [14]. Following this procedure, we
obtained a distribution of the PL decay lifetimes
as a function of excitation energy, as shown in
Fig. 3. For comparison, the PLE spectrum is also
indicated. The sum of the three components
(closed circles in Fig. 3) is in good accord with the
PLE curve.

Shown in Fig. 4 are temperature dependencies
of (a) the decay lifetime and (b) the intensity of

m L 42 ns
110" L 4.3 ns —_—
100 K B ot :210s

L] Sl;M: g ’)¢( tz)bf( x’,)

8 10°

610° |

410°

PL (ARB. UNITS;)
PLE (ARB. UNITS)

210°

0 10°

PHOTON ENERGY (eV)

Fig. 3. Distribution of the decay lifetime as a function of
excitation energy obtained for the 4.4-eV PL measured at 100
K.
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Fig. 4. Temperature dependencies of (a) the decay lifetime
and (b) the PL intensity for the 4.4-eV PL band obtained for
the oxygen-deficient-type bulk a-SiO, sample.
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Fig. 5. Comparison of the PL decay profiles obtained under
excitation at 7.6 eV for the bulk oxygen-deficient-type a-SiO,,
the P-implanted thermal oxide, PE-CVD oxides, and the
SIMOX buried oxides.

the 4.4-eV PL band measured at temperatures
ranging from 50 to 300 K. Here, the decay lifetime
was not obtained for the 7.6-eV excitation, since
the signal-to-noise ratio was too small at temper-
atures above 100 K. While the decay lifetimes are
almost invariant at temperatures from 50 to 280
K, the PL intensities produced by excitation at
5.0, 6.9 and 7.6 eV begin to decrease at tempera-
tures more than 100 K. The discrepancy between
the PL decay lifetime and the intensity will be
discussed later.

3.2. Thin-film a-SiO,

As in the case of the oxygen-deficient-type bulk
a-Si0,, almost the same PL spectra were observed
for the P-implanted thermal oxide samples, the
PE-CVD oxide samples, and the SIMOX oxide
samples (data not shown). Shown in Fig. 5 are PL
decay curves obtained under excitation at 7.6 eV
for these samples. For comparison, the PL decay
for bulk a-SiO, sample is also shown in Fig. 5. To
analyze these PL decay curves, fitting was per-
formed using a stretched exponential function
[15}:

1) a(B/7)(r/0) Pexp(~(t/7)P), 3)

Here, 7 and B (0 < 8 < 1) are an effective decay

Table 1
Fitting parameters for the decay of PL at 4.3 eV in Fig. 5 10
the stretched exponential function of Eq. (3)

Sample 7 (ns) B

Bulk 1.9 0.88
P-implanted thermal oxide 0.5 0.57
PE-CVD 2.8 0.78
SIMOX 22 0.91

constant and a parameter, respectively. The
least-squares fitting to the data yields the solid
curves shown in Fig. 5. The values of 7 and B are
listed in Table 1.

3.3. Effects of high-dose v-irradiation

From the dense excitation induced by large-
dose vy-irradiation [20], it is expected that a high
concentration of the oxygen-deficient-type defects
can be created as a result of the non-radiative
decay of self-trapped excitons. Shown in Fig. 6 are
PL spectra obtained under excitation at 2.5 eV
and at room temperature for high-dose (~ 10
MGy) v-irradiated bulk a-SiO, prepared under
various oxygen partial pressures (PO, ) during the
Ar plasma process [18]. A visible PL band can be

0.10 T v T

o
8

)
&

o
¥

PL INTENSITY (ARB. UNITS)

§

0.00

1.4 1.6 1.8 2.0 22
PHOTON ENERGY (eV)

Fig. 6. PL bands observed at room temperature under excita-
tion at 2.5 eV after high-dose v irradiation (dose: 10 MGy) in
oxygen-deficient-type a-SiO, prepared under different oxygen
partial pressures (PO,) from 1.0 to 15%.
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scen at ~ 1.8 eV. The PL intensity increases with
decreasing PO,. Furthermore, the peak energy
slightly red-shifts with decreasing PO,.

4. Discussion
4.1. Temperature dependence of the 4.4-eV PL

Firstly, we will discuss the temperature depen-
dence of the 4.4-eV PL. Taking into account the
energy diagram in Fig. 1, the PL decay lifetime, T,
and the intensity, Ip , can be, respectively, de-
scribed as

7= (kg +kng) "', 4)
and
Ip aky/(kg +kng) = kg, (5

where the k; and kyy are, respectively, defined
as the radiative and the non-radiative decay rate
constants shown in Fig. 1. From Eq. (5), the I,
will be proportional to 7. Contrary to this, how-
ever, there is a discrepancy between the decay
lifetime and the PL intensity, as shown in Fig. 4.

Table 2

Activation energy £ of the reaction leading 1o a metastable
state for various excitation energies (see Fig. 7). These values
were obtained by fitting the data in Fig. 4b 10 Eqgs. (5) and (6)

PL excitation energy (eV) E (eV)

5.0 0.067 + 0.007
6.9 0.064 + 0.006
7.6 0.084 + 0.008

We assume that some non-radiative decay chan-
nel plays a role in the PL quenching at tempera-
tures above 100 K. A possibility is the existence of
a reaction path leading to a metastable state, as
illustrated in Fig. 7. Eq. (5) should be replaced
with the following equation:

pL=kpr/ (kpy + Kypera) kr/ (kg +kyg). (6)

We assumed an Arrhenius-type temperature de-
pendence for the rate constant, k..

kota =A€Xp(“‘E/kBT), N

where the A, E, kg, and T are a pre-exponential
factor, the activation energy, Boltzmann constant,

S2
6.9 eV kMeta

s ;::kPLF = >

1 l Metastable State

50eVig4ev

k'R KNR
So l Y
C1

Fig. 7. Schematic illustration of the PL quenching mechanism of the 4.4-eV PL band for the C, configuration shown in Fig. 1,
which is associated with the 5.0 and 6.9 eV excitations. The model involves a non-radiative reaction path leading to a metastable
state. The symbols kpy and ky,,, determine the branching ratios into the initial state of PL and the metastable states, respectively.
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and the temperature, respectively. By fitting the
data of Fig. 4b using both Egs. (6) and (7), we
obtained the activation energy, E, as listed in
Table 2. We assume that the PL quenching oc-
curs through the thermally-activated process with
the activation energy of ~ 65 meV for the 5.0 eV
and 6.9 eV excitations. The existence of such a
metastable state is supported by previous reports
{9,22,23] that the absorption band associated with
oxygen deficiency at 5.0 €V can be bleached by a
KrF excimer laser (hv: 5.0 eV). On the other
hand, a somewhat larger activation energy of ~ 80
meV obtained for the 7.6 eV excitation suggests
that the PL quenching mechanism somewhat dif-
fers from those of the 5.0 eV and 6.9 eV excita-
tions.

4.2. Local structures of the oxygen-deficient-type
defect

As shown in Fig. 5, the PL decay curves vary
depending on the preparation methods of the
a-Si0,. It can be seen from Table 1 that the PL
decay for the bulk and the SIMOX samples has
B~ 0.9, while that for the PE-CVD sample is 8
less than 0.8. The largest deviation, 3 ~ 0.57, from
1 is obtained for the P-implanted thermal oxide
that experienced the ion implantation process.
Since larger deviation from a single exponential
function means a larger distribution in the sur-
rounding network, the structure of the SIMOX
sample [17] is almost similar to the bulk a-SiO,
prepared by the CVD soot-remelting method [14],
and more uniform than those of the ion-im-
planted thermal a-SiO, [16] and the as-grown
PE-CVD a-SiO, [15]. Although the SIMOX sam-
ple was ion implanted during manufacture, the
structural distribution is assumed to be annealed
by a subsequent heat treatment at 1300°C [17].
We also note that the average decay lifetime, 7, is
the smallest in the P-implanted thermal oxides.
This difference is ascribed to quenching of the PL
by E' centers (~ 10" cm™’) in the P-implanted
sample [24]. Since the PL decays are affected by
the sample preparation conditions and the ther-
mal history as we have shown here, PL decay can
be a useful probe to investigate the local network
structures of a-SiO,.

4.3. Oxygen-deficit states induced by high-dose
y-irradiation

As shown in Fig. 6, the PL intensity around 1.8
eV increases with reduction of PO, from 15 to
1%. Thus, the 1.8-eV PL is correlated with the
oxygen-deficit states in a-Si0, as in the case of
the 4.4-eV band [20]. Taking into account our
previous report that the concentration of the Ej
centers (i.e. Si clusters comprised of five Si having
an unpaired spin [25]) increases with decreasing
PO, in the same series of samples [18], we as-
sume that a precursor for the structure responsi-
ble for the 1.8-eV PL band is a Si cluster intro-
duced during the manufacturing process. It was
reported [1,2] that Si-implanted a-SiO, annealed
at 1100°C exhibits PL at 1.7 eV due to Si crystals.
Interestingly, the present PL band in the high-
dose y-irradiated silica (PO,: 1.0%) is similar to
that reported for the Si-implanted a-SiO, [1,2]
with respect to the Gaussian spectral shape with a
peak energy of 1.73 eV and an FWHM of 0.35 eV
and the excitation energy of 2.5 eV. A possible
explanation is that the Si clusters as detected by
the presence of the Ej; centers introduced during
the manufacture grow .into another oxygen-deficit
state, for example, Si crystals. If this is the case, a
driving force in the formation of such highly
oxygen-deficit states is considered to be the dis-
placement of oxygen by the non-radiative decay
of a self-trapped exciton [26]. Although a further
investigation is necessary to clarify the oxygen-
deficit states induced by the high-dose vy-irradia-
tion, it is considered that high-dose +y-irradiation
can be a useful technique to induce structural
modifications in a-SiO,.

5. Conclusions

(1) Oxygen-deficient-type defects exhibit a pho-
toluminescence band at 4.4 eV, which has three
PLE bands at 5.0, 6.9, and 7.6 eV. Based on the
detailed analyses of the PL decay lifetime and the
temperature dependencies, the PL mechanisms
involve two configurations of the oxygen-defi-
cient-type defect. Especially, the one involved in
the excitation transitions at 5.0 eV and 6.9 eV
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includes a non-radiative decay channel leading to
a metastable state.

(2) The 4.4-eV PL decay is sensitive to the local
network structures. The PL decay curves can de-
viate from a single exponential function, and fol-
low a stretched exponential function, depending
on the structural distribution of the surrounding
SiO, network.

(3) A PL band at ~1.8 eV is observed in
high-dose +y-irradiated oxygen-deficient-type a-
Si0,, in which highly oxygen-deficit states can be
created by the irradiation.
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Abstract. Rare-earth-doped thin SiO, films were made by plasma-enhanced
chemical vapour deposition using a complex containing chelating ligands and
tetraethoxysilane. By this means of deposition, the film was successfully doped
with terbium or erbium and the luminescence properties were investigated. In the
case of Tb*-doped films, strong luminescence peaks from the 5D, level were
observed during excitation by a KrF excimer laser. Upon thermal treatment at 800
or 900 °C, luminescence peaks from the D, level appear. Under DC voltages,

electroluminescence from the D, level was also observed.

1. Introduction

Since silica glass is an important material for its. versatility
in various optical and electronic/electrical applications, it
is more suitable for a host material into which active guest
materials are to be incorporated than are fluoride and borate
glasses. Silica glass with doped rare-earth ions is especially
important for practical applications such as in lasers, fibre
amplifiers and electroluminescence devices. Among the
various rare-earth ions, Er** and Tb** are important for an
optical fibre amplifier which radiates photons at 1.55 um
and for a bright electroluminescence device which emits
intense green photons, respectively [1-3].  For high-
speed mass telecommunications systems, demand for the
development of a planar waveguide amplifier and other
optical devices is rapidly growing [4-6]. So far, such
optical devices have generally been formed by flame-
hydrolysis deposition [7). However, from an application
viewpoint, this method has the disadvantage of very high
deposition temperature of about 1000°C. Therefore, it is
important to realize deposition at lower temperatures.

The present paper discusses the possibility of syn-
thesizing rare-earth-doped thin SiO, films at a relatively
low deposition temperature using plasma-enhanced chem-
ical vapour deposition with a complex containing chelat-
ing ligands and tetraethoxysilane (TEOS). Some prelim-
inary photoluminescence and electroluminescence results
obtained for the deposited films are also reported.

2. Experimental methods

The rare-earth-doped thin SiO, films were prepared by
plasma-enhanced chemical vapour deposition using the
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Table 1. The deposition conditions.

O, flow rate 10 sccm

TEOS flow rate 1 scem

Pressure 50 Pa

RF power 20W

TEOS temperature 70°C

Tris-RE (lll) temperature  150°C

Substrate temperature Room temperature to 500°C
Thickness 150-500 nm

apparatus shown in figure 1. Oxygen, used as a carrier
and oxidation gas, was introduced from the top of a glass
bell jar through a line filter and excited with a RF power
of 13.56 MHz through capacitive coupling. The TEOS
gas was vaporized and transported at 70°C into the ‘tail
flame’ of the oxygen plasma. The TEOS flow rate was
controlled with a mass-flow controller (Hitachi Metal, SFC-
670) for use at a high temperature with a low-vapour-
pressure gas. A chelato-complex, tris (2,2,6,6-tetramethyl-
3,5-heptanedionato) RE (IIl) (RE = Er or Tb) [8], was
introduced through vapour phase transport with argon as a
carrier gas. Since this material is solid at room temperature,
the cylinder and all the pipelines were heated to 150 °C. The
flow rate of argon was controlled to keep the pressure inside
the glass bell jar at 50 Pa. The deposition parameters are
listed in table 1.

The films were deposited onto an n-type silicon
monocrystal wafer set on a stage whose temperature was
changed from room temperature to 500°C. The film thick-
ness was measured by ellipsometry with the 632.8 nm
line of a He-Ne laser. Please note that such a measured
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Figure 1. The apparatus for plasma-enhanced chemical vapour deposition.

thickness is a kind of estimation because of the nature of
single-wavelength ellipsometry with a material of unknown
complex refractive index. The x-ray photoelectron spectra
(XPS) were obtained by using a dual x-ray-source spec-
trometer (JEOL, JPS- 90MX ) with Al K« x-rays (hv =
1486.7 eV). Analyses by atomic emission spectroscopy
from an inductively coupled plasma (ICP-AES) and X-ray
fluorescence spectroscopy (XRF) were carried out by using
a Nippon Jarrel-Ash IRIS-AP and a Seiko Instruments SEA-
2001L, respectively. Furthermore, the terbium content was
estimated by electron-probe micro-analysis (EPMA, JAX-
8600) by comparing the signal intensity with that of a stan-
dard sample [9]. Photoluminescence measurements were
performed at room temperature, using the KrF excimer
laser photons (248 nm = 5.0 eV) from a Lambda Physik
LPX105i laser. The fluorescence through a MgF, window,
focused with two silica lenses and dispersed by a monochro-
mator (Jobin-Yvon, HR320), was measured by using a
multi-channel detector (Princeton Instruments, SMA) or a
photomultiplier (Hamamatsu Photonics, R955). By apply-
ing a DC electric field of 2.5 x 108 V m™!, electrolumi-
nescence was observed at room temperature. The n-type
silicon substrate was used as the lower electrode and semi-
transparent gold deposited by vacuum evaporation with a
transmittance of 40-60% was used as the upper electrode.

3. Results and discussion

The presence of rare-earth elements in the deposited films
was confirmed by instrumental analyses. Figures 2(a)
and (b) show XPS spectra of the Er**- and the Tb3+-
doped samples deposited at 300°C, respectively. Several
peaks due to Er** or Tb** are clearly observed. Similar
spectra were obtained for the samples deposited at all other
substrate temperatures tested (from room temperature to
500°C). Furthermore, the existence of Tb was re-confirmed
by ICP-AES and XRF, and its content was found to be
variable in the range 0.2-7.6 at% from EPMA. Therefore,
it can be said that the deposited films can be doped
successfully with Er** or Tb** using the present plasma-
enhanced chemical vapour deposition method, irrespective
of the deposition temperature.

The photoluminescence and electroluminescence of the
deposited Tb**-doped films were studied. Figure 3(a)
shows the photoluminescence spectrum obtained from the
Tb**-doped film deposited at 300°C (thickness about 500
nm). When it was excited by the KrF excimer laser,
strong yellowish-green luminescence was seen in the range
470-630 nm. In figure 3(b) for comparison the electronic
energy levels of the 4f% configuration of Tb3* ions in
LaCl; are shown [10]. By consulting this, the observed
luminescence is considered to be due to de-excitation from
the 5Dy level.
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Figure 2. XPS spectra of (a) Er**-doped and (b) Tb3*-doped SiO, films deposited at 300°C.
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Figure 3. (a) The photoluminescence spectrum obtained
from Tb*-doped film excited by KrF excimer laser and
(b) the electronic energy levels of Tb® ion in LaCl,.

The 7F state which is split into seven levels by spin—
orbit coupling is further split by the Stark effect. The fact
that the observed peaks are broad indicates that the structure
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surrounding the Tb** ions is not uniform, reflecting the
structural heterogeneity of a glass.

A spectrum similar to figure 3(a) was obtained for the
samples deposited at temperatures other than 300 °C, except
for the fact that a very broad luminescence band in the
range 350-600 nm, which is likely to be due to impurities,
appeared for the films deposited at room temperature
and 200°C. Figure 4 shows the change in luminescence
intensity of the 550 nm peak of the film deposited at 300 °C
as a function of the time elapsed after the excitation. The
measurement was performed at room temperature. The
lifetime was calculated to be about 1.3 ms, which is similar
to the reported value for the corresponding peak of a
Tb**-doped heavy-metal-fluoride glass [11]. Quite similar
lifetimes were obtained when the lifetime was measured
at liquid-nitrogen temperature and when the samples had
been deposited at temperatures other than 300 °C. The fact
that the measured lifetime agrees with the reported value
[11] proves that the observed luminescence is surely due to
Tb**. A similar spectrum was also induced by excitation
with photons from an ArF excimer laser (hv = 6.4 eV)
and an F, excimer laser (hv = 7.9 eV). This indicates that
electrons which had first been excited to the 5d states or to
the conduction band fell into the D, level.

Luminescence from the D level was not observed
in figure 3(a). This can be explained by assuming that
cross relaxation occurs between SD3—"Dy and "Fg—"Fy [12].
Figure 5 shows photoluminescence spectra as a function of
the temperature at which the sample had been annealed
thermally in dry nitrogen for 0.5 h. The luminescence
intensity increased monotonically with increasing annealing
temperature. At 800°C, a profound change occurred.
Luminescence peaks from the 3Dj level began to appear
at 800°C and they became clear at 900 °C. In accordance
with this appearance of luminescence from the *Dj level,
a photoluminescence-excitation band for the luminescence
at 436 nm clearly appeared, as shown in figure 6. Since
the luminescence from the °D; level diminished due to
the cross relaxation between Tb3* ions, it must become
stronger if the average distance between the ions is
enlarged, as is known to occur in many glasses [13, 14].
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Figure 4. The decay profile of the 550 nm luminescence
for Tb®-doped SiO; film deposited at 300°C. The full fine
is drawn as a guide to the eye.
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Figure 5. The effect of the annealing temperature on the
luminescence spectrum of Tb®*-doped SiO; film deposited
at 300°C: Curve A, as-deposited; curve B, annealed at
500°C; curve C, annealed at 700°C; curve D, annealed at
800°C; and curve E, annealed at 900°C.

Therefore, under the condition that the Tb3t jons are
inhomogeneously distributed in as-deposited films, it can
be assumed that the anealing at high temperatures helps
the ions distribute themselves uniformly and enlarge their
average mutual separation. However, the possibility that
some unknown structural change caused by the thermal
annealing resulted in the change in the luminescence
property cannot be denied.

Figure 7 shows the electroluminescence spectrum
observed for the sample of thickness about 150 nm
deposited at 400°C. Since the luminescence intensity from
the as-deposited sample was too weak, the sample was

Rare-earth-doped SiO, films by PECVD
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Figure 6. The effect of thermal annealing on the excitation

spectrum of the 436 nm luminescence of Tbh*-doped SiO,

film deposited at 300°C: curve A, as-deposited; and curve
B, annealed at 900°C.
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Figure 7. The electroluminescence spectrum obtained for
Tb3*-doped SiO; film. The sample was deposited at 400°C
and post-annealed in oxygen at a pressure of 5 x 10% Pa
for 1 h at 500°C.

post-annealed in oxygen at a pressure of 5 x 10* Pa
for 1 h at 500°C. Although a simple comparison of
the peak shapes between the photoluminescence and the
electroluminescence is impossible because the slit width
of the monochromator was much larger in the case of the
electroluminescence, it is clear that the electroluminescence
spectrum is essentially the same as the photoluminescence
spectrum seen in figure 3(a).

4. Conclusion

By plasma-enhanced chemical vapour deposition using
chelato-complexes and tetraethoxysilane, Tb3*- and Er3+-
doped SiO; films were successfully synthesized at a
relatively low temperature. In the case of Tb**-doped films,
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photoluminescence peaks from the 3Dy level were observed.
Upon thermal treatment at 800 or 900°C, luminescence
peaks from the D5 level also appeared.
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