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Concentrations of defects in amorphous Si@eated by implantation of 10 MeV protons were

examined. The depth profile of Si-Si bondg, centers, or peroxy radicals (PORs) was close to that of
electronic energy loss. Interstitiéd, molecules were identified and their concentration was larger than
that of PORs. The total concentration of the Si-Si bonds Ehdenters was comparable to that of the
interstitial O, and PORs. These results provide experimental evidence that Frenkel defect formation
of an oxygen occurs in amorphous $iBy dense electronic excitation. The efficiency of the Frenkel
defect formation was estimated a$ X 1077 eV~!'. [S0031-9007(97)04997-1]

PACS numbers: 61.72.Ji, 78.55.Hx, 82.50.Gw

Defects in amorphous Sihave been extensively stud- cal calculation that peroxylinkaggs=Si—O—0—S&=)
ied to date [1] since the discovery 8f centers by Weeks and oxygen vacancies are created as a consequence of re-
[2] in 1956. Defect formation may be classified as ex-laxation of a self-trapped exciton. Although these works
trinsic type and intrinsic type depending upon whether thesuggest the formation of a Frenkel defectdr5iO, by
defect is derived from a precursor or not. Amorphousdense electronic excitation, the information reported so
(a-)SIO, is the key material in lenses for UV optics, far has been restricted to a specific defect species.
optical fibers, and insulating oxide films in metal-oxide Here, we report complementary evidence for Frenkel
semiconductors, and defect formation by ionizing radia-defect formation of interstitial oxygens by dense elec-
tion gives degradation of its material functions. Intrinsictronic excitation ofz-SiO, for the first time. Centers rele-
defect formation iz-SiO, by electronic excitation has at- vant to the Frenkel defect are Si-Si bonds, centers,
tracted much interest so far because understanding of iBORs, interstitial @ molecules, and peroxylinkages. The
mechanism is one of the most important issues in the sceoncentrations oE’ centers and PORs can be measured
ence of amorphous solids. by EPR, and the Si-Si bond concentration may be evalu-

In 1979, Griscom [3] strongly suggested the transientaited from the intensity of the 7.6-eV band in the vacuum
formation of E’ centers and perhaps oxygen vacancyUV absorption spectra using the reported absorption cross
through observation of the transient absorption spectraection [10]. According to a recent Letter by Skuja and
following irradiation by a 500 eV electron pulse. In Guttler [11], the identification and concentration evalua-
1983, Hobbs and Pascucci [4] found that amorphization ofion of interstitial O, molecules ina-SiO, are also pos-
a-quartz occurs by irradiation of a focused low energysible by a photoluminescence band, corresponding to the
electron beam, indicating that intrinsic defect formationforbidden transitiona 'A,(»' = 0) — X 3Zg (" =0),
occurs by dense electronic excitation. Devine [5] clari-at 1272 nm upon excitation with 1064 nm light from a
fied thatE’ centers are created by energy deposited intiNd:YAG laser.
ionization processes and not into atomic displacement. A high energy proton beam was employed as the
Tanimuraet al. [6] proved the quasistable Frenkel defectexcitation tool to examine defect formation by dense
formation by measuring transient volume change induceeélectronic excitation because most of the kinetic energy of
with an electron pulse. Although the dominant oxygen-energetic light ions accelerated by high voltages dissipates
related center (OHC) is a nonbriding oxygen hole centhrough electronic excitation (ionization) processes.
ter (NBOHC,=Si—O:, where — and- denote an Si-O The specimens are synthetiget SiO, glass (Nippon
bond and an unpaired electron, respectively)viet SiO,  Silica Glass Co., type lll, OH content;3 X 10" cm™3)
glasses (type lll, prepared by flame hydrolysis, OH conplates having a size of0 X 20 X 1.2 mm. Protons
tent =1 X 10'° cm™3) irradiated byX, v, or unfocused were implanted at an energy of 10 MeV to fluences of
excimer laser light [7], Tsai and Griscom [8] found that 1 X 10'* ~ 1 X 10'® cm~? using a cyclotron accelerator
peroxy radicals (PORs=Si—0O—0O) are created as the at Takasaki of JAERI TIARA, Japan. Dose rates were
dominant OHCs instead of NBOHCs et SiO, glasses ~10 nA cm~? and the maximum temperature rise, moni-
by irradiation with focused ArF laser light. They sug- tored by attaching a thermocouple to the sample during
gested tha©, molecules are created through the biexcitonbombardment, was-70 °C.
process as a consequence of dense electronic excitation.EPR spectra were measured at 300 or 77 K using a
Schluger and Stefanovich [9] proposed on the theoretiBrucker 300E spectrometer. Spin concentrations were
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evaluated by double integration of first-derivative spec-begin to decay at-150 °C). The range, range straggling,
tra using a CuSQ- 5H,0 reference crystal of a known and energy deposition were calculated with tirem-92
weight. code [12].

Vacuum ultraviolet absorption (VUV) spectra were Figure 1 shows VUV-UV absorption and EPR signals
measured using a VUV single beam spectrophotometen SiO, glasses induced by the implantation. Two ab-
(JASCO, model VUV-200, light sourceD, discharge sorption bands peaking at7.6 and~5.8 eV are seen in
lamp). High voltages applied to the phototube werethe absorption spectra. In the EPR spectra, NBOHC,
varied at each sampling wavelength so as to keepenters, and PORs were observed. Two structural mod-
the sensitivity of the system constant. The drift of theels have been proposed for the 7.6-eV band; one is the
base line in the transmittance was withinl% in the  POR [13], which is paramagnetic and may be regarded
wavelength region 140-220 nm by this procedureas an oxygen-interstitial-type defect. Another is the Si-Si
Photoluminescence (PL)-Raman spectra were measurédnd [10], which is diamagnetic and an oxygen-vacancy-
with a Fourier-transform Raman spectrometer (JASCOtype defect. They may be discriminated from each other
RFT-800) equipped with a cw YAG:Nd laser. The by the experiment using the observation that although
measurement was made by irradiating a 1064 nm lasd?ORs are bleached by 5-eV light illumination [14], Si-Si
beam (300 um diameter) to an optically polished cross bonds remain unchanged [15]. The figure shows that the
section of implanted samples. EPR signal of PORs is fairly bleached, while the inten-

The depth concentrations of induced defects wersity of the 7.6-eV band remains unchanged. Thus, it can
examined by repeating mechanical thinning and spectrdle concluded that the 7.6-eV band in the present sample
measurements. Attention was given to the choice of & due entirely to the Si-Si bond. The bond concentra-
glue to fix the sample to the support for the thinning.tions were evaluated using the absorption cross section
A glue which softens at~70°C was used so as to of 7.5 X 1077 cn? [10] and were plotted in the inset
avoid the thermal bleaching of created defedsdenters in Fig. 2(a) as a function of fluence [16]. It is evident
from the figure that the Si-Si bond concentrations linearly
increase with fluence in the log-log plot (slope.65)
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FIG. 1. Induced VUV-UV absorption (top) and EPR (bot- L S 00 600 800

tom) spectra by 10 MeV proton implantation. Fluendex

10'® cm™2. EPR spectra were measured at 77 K. Solid and
broken curves indicate traces before and after illumination withFIG. 2. Depth concentrations of Si-Si bonds (a), PORs
5 eV light, respectively. Filled circles in the bottom denote (b), andE’ centers (c). Inset in (a) shows the concentration of
features of POR signals. Si-Si bonds as a function of fluence.
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FIG. 3. Energy depositions and ion range of 10 MBV calculated with thearim-92 code.

without a significant saturation behavior in the rangetensities of the PL band to the fundamental Raman
examined here. band with data by Skuja and Guittler, wasl0'” cm™3

Figure 2(a) shows the depth concentrations of the Sif18]. This concentration is larger by a factor ef4
Si bonds from the implanted surface. The concentratiothan that of PORs. Interstiti&, molecules are formed
is almost constan® ~ 3 X 10'7 cm™3) from the surface by the reaction between two interstitial oxygen atoms cre-
to ~600 wm, increases with depth, reaches the maximunated from intrinsic Si-O-Si bonds, while a POR is formed
(~10 x 107 cm™3) at ~700 um, and then rapidly de- from an interstitial oxygen atom reacting with an NBOHC
creases down to zero at750 um. Figures 2(b) and 2(c) or an interstitialO, molecule reacting with a’ center.
show the depth concentrations Bf centers and PORs Thus, the dominant defect species relevant to oxygens is
[17], respectively. Both profiles are similar to the depthnot a POR but an interstitiad, molecule. Table | sum-
profile of the Si-Si bond, and the average concentration ofnarizes defect species and their concentrations observed
E' centers is comparable to that of the Si-Si bonds, but ikiere, along with techniques used for the concentration
larger by a factor of 6 than that of PORs. determination.

Figure 3 depicts the depth profile of energy depositions
and ion ranges calculated with thi@iM-code. The ion
range and range straggling are calculated~&90 um WAVELENGTH ( nm )
and ~90 um, respectively. The magnitude of electronic o 1100 1200 1300
energy loss (EEL) has an almost constant value of ' ' '
~10 eV nm ! ion™! from the top surface te-500 um,
increases distinctly with depth, reaches the maximum at oer
~700 um, and then decreases monotonically down to
zero. On the other hand, the magnitude of nuclear energy
loss (NEL) is very smal{~0.001 eV nm™! ion™!). Even
compared at the peak position of NEL, the magnitude
of NEL is ~0.2% as large as that of EEL. It is evi-
dent from a comparison of the depth profiles (a), (b), and
(c) with those of energy depositions that the Si-Si bonds,
E' centers, and PORs are created primarily by electronic 0 500 1000 1500 2000
energy depositions. RAMAN SHIFT (cm™)

Flgure 4 shows PL—R_aman spectra O_f implanted ancI‘—‘IG. 4. Photoluminescence and Raman spectra of, SiO
unimplanted cross sections of the specimen. The banglasses. Excitation source: ND:YAG laser light (beam di-
at 1272.2 nm (apparent Raman shif1540 cm™!) is  ameter~300 um). Solid and broken traces are spectra for
significantly observed only for the implanted portion. implanted and unimplanted cross sections, respectively. The
This band agrees well with that due to interstitia laser beam was positioned at300 um from the implanted

| les in Si | ted by Skui d Gut surface to measure the implanted cross section. Each spectrum
molecules in SIQ glasses reported by Skuja and Gut-yaq optained by accumulation of 50 times. Spectral intensity
tler [11]. The concentration of interstiti&@, molecules, was normalized by the peak intensity of the silica network

which was estimated from a comparison in relative in-Raman band at-440 cm™! for comparison.
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TABLE I. Defect species and concentrations in wet Siglasses implanted with Hions at
10 MeV to a fluence of X 10'® cm~2 at room temperature.

Areal
concentrations
Defects (10' cm™?) Methods

=Si—SE= 4 Vacuum UV absorption

band peaking at 7.6 €V
E’ centers 2 EPR (300 K)
PORs 0.4 EPR (77 K)
O, molecules 1~2 PL band excited with 1064 nm light

aThe absorption cross section &b X 1077 cn? [10] was used.
bThe relative intensity of the PL band to the network Raman band in the spectrum of Suprasil
W reported by Skuja and Guttler [11] was used as the concentration standard.
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