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Structural defects in chromium-ion-implanted vitreous silica
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Structural defects and their concentrations have been determined in high-purity vitreous silica
implanted with 0.5X 10'® to 6X 10'® Cr ions/cm?. Electron paramagnetic resonance (EPR) and
optical-absorption spectra have been measured at 9.7 GHz and from 5 to 8 eV, respectively. A band
with a peak around 7.5 eV increases with increasing dose and is attributed to a Si—Si bond similar
to that in a Si,Hg molecule. This band has been called the Si—Si homobond. The concentrations of
the homobonds and implanted Cr ions are of the same order of magnitude in the implanted layers at
each dose level. A component of the EPR spectra is attributed to an E’-type paramagnetic state in
which one of the Si bonds is to another Si, i.e., the Si—Si homobond. Another paramagnetic defect
is the peroxy radical. The concentration of the E’-type center is high near the surface and decreases
monotonically with depth. On the other had, beginning at the surface the concentration of the
peroxy radical increases to a maximum near the peak of the Cr-ion distribution and then decreases
at greater depths. These complementary profiles suggest that oxygens are displaced in the direction
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of the ion beams and that these two defects are a paramagnetic Frenkel pair.

I. INTRODUCTION

Ion implantation is a processing technique that can
modify the surface and near-surface region of materials.!
A number of papers have been devoted to effects of ion
implantation into glasses.? In case of vitreous (v-) silica,
it has been reported that implantation of inert gas ions
such as He' and Ar™ alters the refractive index via
radiation-induced density change and produces a group
of optical-absorption bands which are due to alternation
of the structure.? Further, the formation kinetics of the
E'’ center’ has been discussed.*

We consider that implanation of transition-metal ions
into v-Si0O, is effective in modifying the optical and mag-
netic properties because these ions may react chemically
with oxygens in the substrate structure. Interactions of
implanted transition-metal ions with substrate structures
have not been extensively investigated. For instance, An-
tonini et al.’ reported that implantation of 47.5-MeV Ni
ions appears to produce optical bands due primarily to
intrinsic structural defects in vitreous silica. Stark et al.®
shows that absorption bands in the range of 1-6 eV pro-
duced by implanation of Cr, Mn, or Fe into v-SiO, are
due primarily to structural modifications of the Si-O net-
work. Peaks at 5 and 5.8 eV in one band are attributed to
the neutral oxygen vacancy’ and E’ center,® respectively.
Knowledge of the types of structural defects produced
and their concentrations as a function of dose and depth
is needed to consider the interaction between substrate
and implanted ion.

Here we report structural defects produced in vitreous
SiO, by implantation of chromium ions. The EPR spec-
tra of the Cr-implanted samples are primarily due to
structural defects, since components due to Cr have in-
tensities more than an order of magnitude less intense
than those due to structural defects. Thus the EPR spec-
tra can provide data on the dose and depth dependence of
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these defects without severe interference from ion specific
paramagnetic states. Three types of paramagnetic
structural defects have been identified and their dose and
depth dependence have been measured by electron
paramagnetic resonance spectroscopy. Information
about two types of diamagnetic defects has been obtained
from vacuum ultraviolet (vuv) and ultraviolet absorption
spectra.

II. EXPERIMENTAL DETAILS

Type-II1 (Ref. 9) v-SiO, (spectrosil 1, impurities; 200
wt. ppm OH, 50 ppm Cl) was chosen because some type-
IV »-SiO, gives an intense absorption band in the vuv re-
gion in the as-delivered state.!®!! Glass plates, 2.0 cm
diam X 0.1 cm thick, were used as substrates. Chromium
+1 ions were implanted into the substrates at room tem-
perature to doses of 0.5X10', 1X10', 3Xx10', and
6 10'® ions/cm?. The acceleration voltage and dose rate
were 160 keV and 2.5 uA/cm?, respectively. The nomi-
nal implantation dose was determined by charge integra-
tion. Implantation depth profiles determined by Ruther-
ford backscattering (RBS) technique (*“He™ 2 MeV) using
a TRIM calculation program!? were Gaussian in shape
with the peak concentration at a depth of 0.14 um and
full width of half maximum (FWHM) of approximately
0.14 pm for all the samples.

Vacuum uv absorption measurements were made over
the wavelength of 250-150 nm using a single beam spec-
trophotometer (JASCO model monochrometer, 0.25 m;
light source, D,-discharge lamp). The spectrum for the
substrate before implantation was subtracted from that
for the substrate after implantation in order to compen-
sate the surface reflection losses and absorptions due to
the substrate. Ultraviolet (uv) absorption spectra over
the wavelength of 200-350 nm were measured with a
double beam spectrophotometer (Cary model 14). An
unimplanted substrate was placed in the reference beam
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so as to cancel surface reflection losses.

X-band EPR spectra were measured with a
homodyne-type spectrometer (Brucker ER 200 D) at 110
or 300 K applying 100 kHz field modulation. Microwave
power in the cavity is =200 mW at an attenuation of O
dB. Since signals are weak under measurement condi-
tions appropriate for observing the unsaturated and
undistorted shapes, accumulation was made over 40-300
scans to improve the signal-to-noise ratio. The g value
and concentration, respectively, were determined with a
strong pitch standard sample (Brucker, g =2.0028) and a
recrystallized CuSO,-5H,O crystal using a comparison
method.

Chemical etching technique was applied to measure
the depth concentrations of paramagnetic structural de-
fects produced in the implanted layers. Samples implant-
ed with Cr™ to doses of 0.5X 10'° and 6X 10'® ions/cm?
were employed. Approximately 1 wt.% HF aqueous
solution (one part of 45 wt. % HF was mixed with 100
parts of distilled water) was used as an etchant. Two
pieces (5X3X1 mm?) of the samples were used for each
series of experiments. After these pieces were immersed
in the fresh etchant at 20°C for a desired time, they were
washed with distilled water, dried with air jet, and one
piece each was used for EPR and RBS measurement.
These procedures were repeated until most of the im-
planted layers were removed.

III. RESULTS

A. Vuv-uv absorption

Figure 1 shows vuv and uv absorption spectra of the
implanted samples. No absorptions are resolved in the
region of the tail of the absorption edge for the unim-
planted substrates. Since the substrate is v-SiO,,
prepared by flame hydrolysis of SiCl, (type III), this re-
sult is consistent with the data in Ref. 11. In Ref. 11
correlations between vuv absorptions and preparation
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FIG. 1. Vacuum uv and uv absorptions induced by ion im-
plantation. (a) Cr 0.5X 10" ions/cm?, (b) Cr 3X 10'® jons/cm?.
The absorption coefficients were calculated by assuming the
thickness of implanted layers to the 0.14 um, which corresponds
to FWHM of the backscattering spectra. The dashed trace is
the absorption spectrum of unimplanted substrate.
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processes of v-SiO, are reported. An intense absorption
and a weak but distinct absorption are resolved around
7.5 and 5 eV, respectively. Intensities of both bands in-
creased with dose.

B. EPR spectra

No EPR signals were detected for the substrates before
implantation under operation conditions described below.
Figure 2 shows EPR spectra of the substrates after im-
plantation. Four types of signals are noted; a signal hav-
ing a characteristic shoulder at g =2.067 is assigned to a
peroxy radical (POR) on the basis of the g values at the
three fields indicated by small arrows in 2(a). These
values agree well with those of POR in v-SiO, (type IV,
suprasil W1) irradiated by ionizing rays.!* Nonbridging
oxygen hole centers (NBOHC), which give a signal
characterized by different g values (2.0010, 2.0095,
2.078),'* have not been resolved in the spectra reported
here.

Based on the close similarity of g values, of line shape
in neutron-irradiated v-SiO,,!* and of saturation behavior
(easily saturable, >40 dB at 300 K, > 50 dB at 110 K),
one component is assigned to an E’ center.’ The E’
center induced by implantation has an anisotropic line
shape, that due to orthorhombic symmetry,
£=2.0018,2.0014,2.0005, linewidth (spacing between
two extremes) of =0.3 mT, and begins to be saturated at
a power level of approximately 50 dB at 110 K.

In addition to the POR and E’-center components, an
absorption with a slightly asymmetric shape is dominant
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FIG. 2. EPR spectra of Cr-implanted substrates. Changes
with dose (Ieft). a, 0.5X 10'® jons/cm?; b, 3 X 10'¢ jons/cm?; c,
6% 10'¢ ions/cm?. These spectra were obtained at 110 K and an
attenuation of 0 dB with the same spectrometer sensitivity.
Small arrows indicate magnetic fields used for determination of
g values of POR. The component due to X signal is indicated by
big arrows. Changes with microwave power (right). Sample; Cr
6X10'® ions/cm? implanted substrate. Top 50 dB; bottom, 0
bD. Measurement conditions: Temp., 110 K; modulation am-
plitude, 0.05 mT. The spectrometer sensitivity for measuring
the top signal is 30 times greater than that for the bottom signal.
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in the spectrum of samples implanted to a dose of 6 X 10'¢
ions/cm? measured at a power level of 0 dB (at 110 K).
This signal, which will be temporarily called X signal, is
seen in the spectra of the other samples as indicated by a
‘big arrow. The X signal can be discriminated easily from
E’-center signals produced by implantation.'>® The X
center has a line shape that is almost isotropic, a g value
equal to 2.0022, linewidth of 0.8 mT, and does not satu-
rate appreciably up to the 0-dB power level at 110 K.

Since POR and X signals coexist and overlap closely in
the central part of the spectrum of the sample except for
the highest implanted dose, the relative intensities of the
respective signals were evaluated as follows; almost
“pure” line shapes of the POR signal and X signal are
seen in the spectra of Cu-implanted (1X10'® ions/cm?)
samples measured at 110 K with 0 dB and the samples
implanted with Cr™ to a dose of 6 X 10'® Cr ions/cm?, re-
spectively. By using these two “pure” shapes, a ratio of
amplitude of the two signals was found which reproduced
the observed shape. The concentration evaluation of
POR and X center from spectra on which both of these
two signals appear was made using this procedure.

The concentrations of the EPR composites are plotted
in Fig. 3 as a function of dose. For the calculation of de-
fect concentrations, the thicknesses of the implanted lay-
ers were assumed to be equal to the FWHM of the distri-
bution of the implanted Cr ions, all evaluated from RBS
spectra, i.e., 0.14 um. It is obvious from the figure that
the POR concentration decreases monotonically with
dose and almost disappears in the sample implanted with
6% 10'¢ jons/cm?.

An absorption with linewidth of =3 mT was seen near
g=1.97, and its intensity decreases monotonically with
dose and is not detected in the sample implanted to a
dose of 6X10'¢ ions/cm?. This signal is not seen in v-
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FIG. 3. Dose dependence of concentrations of paramagnetic
centers. The thicknesses of implanted layers were assumed to
be 0.14 um. The concentrations of EPR active Cr ions in the
figure are values in the case that a signal centered at g=1.97 is
assumed to be responsible for an isolated paramagnetic state
with §=1.
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FIG. 4. Changes in depth profiles of Cr ions implanted into
v-Si0, with etching. Arrows indicate the surface positions after
etching scaled from that before etching.

SiO, implanted with other first transition series metal
ions.!> Therefore we assume that this signal is not due to
intrinsic structural defect but to paramagnetic states of
implanted chromium ions.!”!® No discussion about this
signal is given in this report.

C. Depth concentration of paramagnetic centers

Figure 4 shows the changes in depth profiles of Cr ions
with etching. The profile for the sample before etching is
almost Gaussian in shape with peak concentration at a
depth of approximately 0.14 um from the surface and
FWHM of approximately 0.14 um. The thickness of ma-
terials removed by etching can be determined by compar-
ing the spectrum after etching with that before etching.
This comparison gives the thickness removed with a pre-
cision of £0.005 um.

Figure 5 shows changes in EPR spectra with etching
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FIG. 5. Depth concentrations of E’-type center and peroxy
radical (POR). DN, number of centers removed; Dd; thickness
removed by etching. (a) Sample; implanted to dose of 6X 10!
ions/cm?. (b) 0.5X 10'® ions/cm?. Examples of changes in EPR
spectra with etching (left bottom). Sample; 0.5 X 10'¢ jons/cm?.
a before; b, after 4-min etching. Spectrometer sensitivity is kept
constant. Small and large arrows indicate POR and E’-type sig-
nals, respectively.
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and the depth concentrations of the X center and POR
evaluated from the experiment. It is obvious that the in-
tensity of X signal relative to that of POR decreases
markedly with etching time. Depth profiles of these two
center are quite different in the sample implanted to a
dose of 0.5X10!° ions/cm? the concentration of X
centers is highest near the surface and decreases mono-
tonically with depth. On the other hand, the depth
dependence of POR is not monotonic. The highest con-
centration is in the region of the peak of the distribution
of the implanted Cr ions. In the sample (in which no
significant contribution of POR to the spectrum is seen)
implanted to a dose of 6 X 10'¢ jons/cm?, a similar profile
was obtained for the X center.

IV. DISCUSSION

Only peroxy radicals were observed in the present sam-
ples as oxygen-related paramagnetic defects. The major
oxygen-related EPR center in type-III SiO, irradiated by
ionizing rays such as gamma rays is not POR but
NBOHC.'»!" Thus it is clear from this sharp contrast
that displacement processes play an essential role in the
formation of defects by Cr-ion implantation. We will dis-
cuss properties and concentrations of intrinsic structural
defects, especially oxygen-deficient-type defects, and in-
teractions of implanted ions with substrates from a view
of the formation of structural defects.

A. Defects responsible for the 7.5- and 5-eV bands

First, we will consider the 7.5-eV optical band. Two
structural models have been proposed for this band; one
is the POR,'>? which is paramagnetic and is due to an
oxygen-excess-type defect. Another is the Si—Si homo-
bond,'® which is diamagnetic and an oxygen-deficient-
type defect. The dose dependence of POR shown in Fig.
3 is the reverse of that of the 7.5--eV band. Therefore
POR cannot be a major part of the 7.5-eV band. Let us
suppose that the absorptivity at the apparent peak of the
band around 7.5 eV is completely controlled by the ab-
sorption of Si—Si homobond and POR. Then, the con-
centration of the homoband can be estimated from the
absorption cross-section data (og_g;=8X10"17 cm??
opor=1.3X1071® cm?) of these two defects reported in
Refs. 22 and 20, and the POR concentration obtained
here (Fig. 3). The absorptivity estimated from the num-
ber of POR and its absorption cross section was at most
no more than 10% of that of the observed band. The es-
timated homobond concentrations are plotted in Fig. 6 as
a function of dose together with the concentrations of im-
planted Cr ions and E’ and X centers.

The concentrations of Si—Si homobond increase from
4X10% to 2X10%*! cm ™3, being comparable to the mean
concentrations of Cr ions in the implanted layers at each
dose level. According to this estimation, the fraction of
Si atoms forming the homobond increases from 4 to 16 %
of the total Si atoms in the implanted layers on the as-
sumption that the homobonds are randomly distributed
in the implanted layers.

The defect giving the 5-eV band (so-called B, center) is
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FIG. 6. Dose dependence of concentrations of intrinsic
structural defects produced by ion implanation. The thickness
of implanted layers was assumed to be 0.14 um, which corre-
sponds to FWHM of the RBS spectra. The dashed line indi-
cates the concentration of Si atoms in the substrate.

well resolved in ion-bombarded v-SiO, and has been as-
signed to a neutral oxygen vacancy.” The concentrations
of B, centers can be evaluated from the absorptivity in
the deconvoluted spectrum reported in Ref. 6 by using an
absorption cross section (2X 10717 cm?) reported in Ref.
22. The evaluated concentration plotted in Fig. 6 in-
creases monotonically with dose and is about an order of
magnitude less than the homobond concentration.

B. Estimation of fictive temperature in implanted layers

Energetic ions dissipate their energies in a very short
time. We suppose that in the implanted layers a struc-
ture is produced corresponding to equilibrium structure
at temperatures far higher than the fictive temperature
T, (=1300 K) of the substrate before implantation.

Here, we will make an estimation of the Tf of the im-
planted layers. A thermal equilibrium is assumed be-
tween the configurations of the Si—Si homobond and
neutral oxygen vacancy (B, center) as in Ref. 22.
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O’Reilly and Robertson?® calculated the energy of vari-
ous point defects including the two above. They reported
that the homobond configuration is more stable than the
oxygen vacancy configuration. Thus the B, center and
the homobond may be regarded as unrelaxed oxygen va-
cancy and relaxed oxygen vacancy, respectively. Imai
et al.*?> experimentally obtained 1 eV as the enthalpy
difference between these two defects by using v-SiO,
prepared by the chemical-vapor-deposition-(CVD-) soot
remelting process.?* According to these reports, the equi-
librium constant K should increase with increasing 7.
The value of K evaluated from Fig. 6 is =10~ ! over the
dose range examined, which is about 3 orders of magni-
tude greater than that (5X107%) in 0-SiO, with
T;=1300-1600 K. Provided that this enthalpy
difference remains unchanged, the 7, in the ion-
implanted v-SiO, layers is estimated to be ~5000 K.
This value is comparable to the 7,(~4000 K) in
neutron-irradiated v-SiO, reported by Geissberger and
Galeener.”> They evaluated the T, from the intensities of
T s-sensitive specific Raman bands.?® It is of interest that
two different approaches lead to a comparable Ty in
particle-bombarded v-SiO,. We suppose that realization
of a state corresponding to extremely high temperatures
is associated closely with the “thermal spike” model of
particle irradiation damage.?’” Local heating due to ener-
gy generated in the collision of energetic ions with the
substrate melts a microscopic volume around the sites of
the primary knocked-on atoms and these extremely small
volumes are rapidly quenched.

C. Defect structure of X center

No EPR signal similar to the X signal has been report-
ed in v-SiO, irradiated by ionizing rays, to our
knowledge. A report examining paramagnetic defects in
nonstoichiometric amorphous SiO, provides a basis for
proposing a model for the X center. Holzenkampfer
et al.”® measured EPR spectra in as-deposited and He*-
bombarded a-SiO, films over a wide range of x
(0=x =2), reporting the variation in the g values and
linewidths of E’-type centers as a function of x. They re-
ported that EPR components with g value 2.0022 and
linewidth 0.8 mT are observed in x =~1.6 components.
These values correspond to the X center in all implanted
samples. The less-saturable nature of the paramagnetic
states in these oxygen-deficient materials is consistent
with that of the X center. Based on these similarities, the
X center is identical with the E’-type center in heavily
oxygen-deficient v-SiO,. This E’-type center is assumed
to have a structure which is obtained by replacing one of
the three oxygens in the standard E’ center by a silicon
ion. If the dangling bond is replaced by an oxygen; this
structure corresponds to that with x =1.5.

The appearance of the paramagnetic defect charac-
teristic of oxygen-deficient silica is quite compatible with
the production of the Si—Si homobond in concentrations
from 3 to 16 % of the total Si atoms. Here, let us evalu-
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ate the degree of off stoichiometry in the implanted layers
from the homobond concentration: Oxygens are assumed
to combine preferably with silicons. Under this con-
straint, the relation between stoichiometry (SiO, ) and the
number of Si—O bonds (Ng;_o) or Si—Si bonds (Ng;_g;)
is given by Eq. (2) or (3);

Nsi—o=2x , )
Nsi_5i=2—x . (3)
Equation (3) gives the relation between x and Ng;_g; per
em’ (Cg;_;):
2—x
28+16x ’

where d is the density of the implanted layers. Here, the
density (2.2 g/cm®) of the unimplanted v-SiO, is used as
the value of d. Then, Eq. (4) is obtained;

Csi_si=(6.03%x10%)d )

2—Xx

28+16x ®)

Csi_s =(1.33%x10%)

Putting Cg;_g; estimated (Fig. 6) into Eq. (5), we get the
following stoichiometry x for the samples implanted with
each dose: SiO, g5 (0.5X 10'® ions/cm?), SiO, 46 (1X 10'9),
Si0; o4 (3X10%), and SiO, 4, (6 X 10'%). The fraction of
oxygen-deficiencies is much less than that (x =1.6) es-
timated from the paramagnetic properties of the X center
already observable in the sample implanted with
0.5X 10'¢ jons/cm?. We suggest that this result may be
explained if the homobonds are not distributed randomly
in the implanted layers.

D. Interaction of implanted Cr ions with substrate

The number of Si—Si homobonds in the implanted lay-
er increases monotonically with increasing dose and is
comparable to the number of chromium ions implanted
as shown in Fig. 6. This equivalence is attributed, tenta-
tively, to chemical interactions of implanted Cr ions with
the substrates: a major fraction of chromium ions is de-
posited as cations. The implanted ions, therefore, attract
oxygens as ligands so as to reserve local electroneutrality.
If the chemical interaction of an implanted ion with oxy-
gens is strong, the implanted ion reacts with some of the
oxygens displaced from the glass network to form oxides,
leaving Si—Si homobonds and neutral oxygen vacancies.
Formation of these oxygen-deficient-type defects is
specific to implanted ion species and is related closely to
the chemical state of ions in implanted layers.!®

The concentration of POR, which is an oxygen-excess-
type defect and produced as a consequence of displace-
ment of oxygen by collision, decreases monotonically
with dose as shown in Fig. 6. This trend is consistent
with this hypothesis, since the number of oxygens needed
for the oxide formation increases with dose, the remain-
ing POR concentration decreases as a consequence of re-
action of implanted Cr ions with displaced oxygen ions.
Therefore fewer oxygen ions form POR as the dose in-
creases.
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E. Depth concentrations of paramagnetic defects

It is obvious from Fig. 5 that the X-center (E'-type de-
fect associated with Si—Si homobond) concentration is
highest near the surface region while the POR maximum
concentration is in the deeper region where the peak of
the implanted Cr distribution is present. This result is in-
terpreted as follows. Chromium ions displace oxygens
via collision, leaving oxygen-deficient defects such as
Si—Si homobonds in the near-surface region. These dis-
placed oxygens combine with the implanted ions and de-
posit as the oxides or react with Si—O—Si bonds to form
POR and/or peroxy linkages. Therefore X center and
POR may be regarded as a pair of Frenkel-type paramag-
netic defects associated with oxygen.

V. CONCLUSION

1. Silicon—silicon homobonds are produced by ion
implantation of Cr. Their concentration increases with
increasing dose and is of the same order of magnitude as
that of the implanted Cr ions at each dose.

2. E', E'-type, B,, and POR centers are also produced
in the concentrations that are more than an order of mag-
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nitude less than the concentrations of the homobonds.

3. The E’-type center is assigned to localization of an
electron in a Si ion which is bonded to two oxygens and
one Si, i.e., the Si—Si homobond.

4. The depth concentration profiles of the E’-type
center associated with the homobond and POR are com-
plementary in the region from the surface to near the
center of the implanted layer. This result suggests that
oxygens are displaced in the direction of the ion beam
and these two defects are a paramagnetic Frenkel pair.

5. Based on the ratio of concentration of B, center to
the homobond, the implanted layers have a high fictive
temperature.
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