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Structure of latent tracks created by swift heavy-ion bombardment of amorphous SiO2
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The defect structure of ion irradiation damage localized in latent tracks in amorphous SiO2 and their role in
the chemical etch rate of such tracks has been studied. A variety of light and heavy ions were used with
energies ranging from 4 to 127 MeV. It was found that the frequency of the infrared absorption associated with
the asymmetric stretch vibration of Si-O was significantly reduced following swift heavy-ion bombardment
and that the shift correlated with the enhancement of the etching rate. In contrast, no correlation between the
etching rate and either theE8 center or the oxygen deficient center was observed. The IR peak shift has been
related to the transition of ordinal six rings of SiO4 tetrahedra to planar three- and four-member rings, which
were generated in the latent track due to the flash heating and quenching by bombardment. We propose that
large numbers of planar three- and four-member rings in the latent track are responsible for the fast chemical
etching rate.
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I. INTRODUCTION: LATENT TRACKS
AND DEFECT CENTERS

In most insulators, the passage of swift~multi-MeV!
heavy ions creates a heavily damaged, cylindrical z
known as the latent track. The majority of studies of late
tracks during the last 30 years or so were aimed at un
standing the formation mechanism and a number of mo
have been proposed. Since the introduction rates of p
defects due to nuclear collisions along the ion trajectory
far too small to explain the appearance of latent tracks,
clear that the electronic stopping of the ions is respons
for the track formation. As a result of this electronic sto
ping, the wake of the ion contains a high density of energ
electrons. The proposed models differ in how, and how f
these exited electrons transfer their energy to the atomic
work. In the thermal spike model,1–3 the energy is rapidly
and locally thermalized, leading to short-lived but extrem
high temperatures along the ion track. In the ion spike
Coulomb explosion model,4,5 the ion track is denuded o
electrons long enough for the mutual Coulombic repulsion
neighboring atoms to occur. Hybrid models have also b
proposed.6,7 However, all these models focus on the ve
early stages of track formation and give little information
the expected atomic structure of the latent tracks. Moreo
the origin and structure of the defects responsible for
enhanced etch rate of the latent tracks have not been id
fied. Our experimental work described in this paper attem
to improve our understanding of these latter issues by
proaching the problem from a number of different angl
correlating changes in infrared absorption, electron spin re
nance, and x-ray photoelectron spectroscopy with the etc
enhancement in latent tracks.
PRB 620163-1829/2000/62~6!/3689~10!/$15.00
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Amorphous SiO2 ~hereaftera-SiO2! has often been cho
sen as a target for ion implantation, as is the case in
present article, because the physical and structural prope
of a-SiO2 are well known8–11 and because it is readily avai
able at high purity. In general, microscopic defects ina-SiO2
as introduced by ion implantation can be classified in t
types: paramagnetic centers on one hand, and nonstoic
metric defects such as oxygen deficient or excess center
the other. TheE8 center12 is by far the most studied becaus
of its ease of observation by electron spin resonance~ESR!.
The structure of theE8 center is that of •Si[O3, where ‘‘[’’
and ‘‘•’’ denote three separate Si-O bonds and an unpa
electron, respectively. Holzenka¨pfer et al.13 reported that two
other paramagnetic centers were induced ina-SiO2 by ion
implantation, in addition to theE8 center. The structure o
this new center has been proposed to be that of •Si[SiO2,
where the Si atom has one unpaired electron, two bonds
atoms, and one bond to another Si atom. The new center
thus be classified as an oxygen deficient center. Later stu
have refined and reaffirmed this conclusion.14

Typical oxygen deficient centers might be Si31 (Si2O3),
Si21 ~SiO!, and Si1 (Si2O), which can be introduced by ra
diation through a knock-on process of oxygen atoms.15 X-ray
photoelectron spectroscopy~XPS! is the most powerful
method to detect these three kinds of oxygen deficient c
ters. Fortunately, the binding energies and widths of Si31,
Si21, and Si1 as well as Si41 ~normal SiO2! are well
known.16

Macroscopic changes ofa-SiO2 resulting from radiation
have been also reported by many authors. Bates, Hendr
and Shaffer17 reported that the densities ofa-SiO2 and a
quartz increased and decreased, respectively, upon ne
irradiation and that both materials stabilized at a nearly id
3689 ©2000 The American Physical Society
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3690 PRB 62AWAZU, ISHII, SHIMA, ROORDA, AND BREBNER
tical density of ;2.27 g/cm3 after irradiation with 5
31019h/cm2 or more. Hiraiwa, Usui, and Yagi18 reported a
frequency shift of the infrared~IR! absorption peak (v4)
induced by ion implantation. This peak is associated with
asymmetric stretching mode of an oxygen atom in the
O-Si inter-tetrahedral bridge. They also reported that
shift Dv of the frequency saturated at around230 cm21

when the nuclear-deposited energy reached
31023eV/cm3, which is equal to the total Si-O bonding en
ergy ~3.8 eV! in a unit volume ofa-SiO2.

The subject of the present work is to determine the
fect~s! underlying the creation of individual conic holes
a-SiO2. It was observed that a number of defect structu
make up the latent track. We observed SiO4 tetrahedra com-
posed of planar three- and four-member rings, theE8 center,
and the oxygen deficient center in the latent tracks. We p
pose that the planar three- and four-member rings in la
tracks are responsible for the enhanced etching rate. Ne
the E8 center nor the oxygen deficient center exhibit a
influence on the etching rate.

II. EXPERIMENT

Ion bombardment was performed at room temperat
and at a residual pressure below 131024 Pa. A 6-MV tan-
dem accelerator at the Universite´ de Montréal was employed
for irradiation with 10 MeV H1, 15 MeV He1, 2 MeV Li1,
4 MeV C1, 30 MeV Si61, and 35 MeV Se61. We also used
a 12-MV tandem accelerator at the Tandem Accelera
Center of the University of Tsukuba~UTTAC! for irradia-
tion with 120 MeV Br111, 127 MeV Br111, 98 MeV I121,
and 112 MeV I131. The electronic and nuclear stoppin
power data calculated with TRIM91~Ref. 19! were shown in
Figs. 1~a! and ~b!, respectively.

In order to avoid overlap of the individual conic holes th
appear after chemical etching of latent tracks, very low
fluences ~typically 13107 cm22! are required. This was
achieved by diffusing the ion beam with either a C foil or an
Au foil in either forward or back-scattering geometry. Fi
ures 2 and 3 showed the arrangement of the ‘‘flux diffuse
as they were used at the 6 and the 12 MV tandem acce
tors, respectively. In Fig. 2~a! ~back-scattering geometry!,
the incident angle of collimated 4-MeV C1 and 30-MeV Si61

beams is perpendicular to a 1-mm Au film evaporated onto a
polished carbon plate. Particles scattered through 150° b
barded the sample while those scattered through2150° were
simultaneously counted by a solid-state nuclear detector
Americium source ofa particles was used in place of the A
thin film as an energy standard to determine the energ
scattered ions. The energy distribution of the back-scatte
ions had a maximum at 3 MeV with a full width at ha
maximum~FWHM! ;1 MeV for the 4-MeV C1 ions and 15
MeV with a FWHM ;1.8 MeV for the 30-MeV Si61 ions.

Figure 2~b! ~forward-scattering geometry! presents the
alignment for the 35-MeV Se beam. Se ions were scatte
by a free-standing carbon foil of 1mm thickness. The energ
distribution of the transmitted ions has an maximum at
MeV. Figure 2~c! shows the photograph ofa-SiO2 surface
bombarded with Se ions at an accumulated dose
31010cm22 using the alignment shown in Fig. 2~b! followed
by 48% hydrofluoric~HF! etching for 20 sec. The transpa
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ent circle in the center is due to relatively uniform etchin
indicative of significant latent track overlap, whereas in t
milky colored perimeter individual holes can be observe
The ion dose in the middle of milky colored ring amounts
;13107 cm22, as determined from counting individual etc
pits visible on the photograph. Homogeneous bombardm
over an area of 10310 mm2 at an accumulated dose a
1011cm22 and higher was achieved using electrostaticx-y
beam sweeping.

For 12-MV tandem accelerator, we used the other ali
ments shown in Figs. 3~a! and ~b!. A forward-scattering ge-
ometry at an angle 30° as shown in Fig. 3~a! was chosen for
bombardment at a fluence of 13107 cm22. The incident en-
ergies of Br111 and I131 beams of 127 and 112 MeV wer
degraded somewhat to 92 and 76 MeV, respectively, by
passage through the 1.14-mg/cm2 Au foil. For bombardments
at fluences of 131011cm22 and higher, a forward-scatterin
geometry as shown in Fig. 3~b! was chosen. Initial beams o
120-MeV Br111 and 98-MeV I121 passed through Au foils o
4 and 1.14 mg/cm2 weight, and their mean energies reduc
to 67 and 80 MeV, respectively. Figure 3~c! shows the pho-
tograph ofa-SiO2 surface bombarded with 80-MeV I ion
using the alignment shown in Fig. 3~a! followed by 48% HF
etching for 20 sec. The ion dose was estimated at;1
3107 cm22 by counting holes on a photograph.

A variety of a-SiO2 was used for these studies. Type I
a-SiO2 plates of 2 mm thickness, which contain 1000 pp
OH, were used for direct observation of latent tracks. Am
phous SiO2 films 193 nm thick were thermally grown o
~100! silicon wafers in O2 atmosphere at 1000 °C. The sil

FIG. 1. ~a! Electronic and~b! nuclear stopping powers vs bea
energy estimated from TRIM-91.



d

d
r-
ri
r-

ed

tte
le

i-
e
e

b

ick
I
in

. 5.
V

ed

e

la
ar
ol

by
e
-

n

ro
th

e

4

eV,

1
nd

cro-

PRB 62 3691STRUCTURE OF LATENT TRACKS CREATED BY SWIFT . . .
con wafers used in the present experiment were prepare
the floating-zone method with resistance;3000 V cm.
These wafers of 200mm thickness were chemically polishe
on one side only in order to eliminate IR multiple interfe
ence effects. IR absorption was measured with a Fou
transform IR~FT-IR! spectrophotometer using light at no
mal incidence.

Visible individual holes were created from the irradiat
samples by chemical etching with 48% hydrofluoric~HF!
acid. In order to observe the cross section of holes,a-SiO2
surfaces with holes were scratched with a diamond cu
Cross section of the hole was observed with a scanning e
tron microscopy~SEM! at an angle 45° from electron inc
dence. X-ray photo electron spectroscopy was perform
with a Vacuum Generators ESCA-3 instrument equipp
with a Mg Ka source (hn51253.6 eV, linewidth;0.7 eV!.
The energy resolution of the electron analyzer was set
tween 0.9 and 1.20 eV.

FIG. 2. Alignments of the flux diffuser installed in a beam lin
of 6 MV tandem accelerator in Canada.~a! Incident 4-MeV C1 and
30-MeV Si61 beams are perpendicular to a gold film 1mm thick
evaporated on a polished carbon plate to achieve an accumu
dosage 13107 cm22. Particles scattered at an angle 30° bomb
the sample whistle the back-scattered ions were counted by a s
state nuclear detector at an angle230°. Energies of 4-MeV C1 and
30-MeV Si61 were reduced to 3 and 15 MeV, respectively,
scattering.~b! Alignment for the bombardment with 35-MeV S
ions at an accumulated dose 13107 cm22. Beam energy was re
duced to 33 MeV by the individual carbon foil 1mg/cm2. We could
not use the alignment~a! for 35-MeV Se to avoid sputtering of a
Au film on a carbon plate.~c! Amorphous SiO2 surface bombarded
with 35-MeV Se ions at an accumulated dose 131010 cm22 fol-
lowed by 48% HF etching for 20 sec, observed by optical mic
scope. Minimum scale in the figure presents 1 mm. Dose at
middle of milky color ring can be counted at 13107 cm22.
by

er

r.
c-

d
d

e-

III. RESULTS

A. IR absorption spectra: Peak shifts and recovery

Figure 4 presents IR absorption spectra of a 193-nm-th
a-SiO2 film before and after bombardment with 80-MeV
ions. The unirradiated film shows two first-order features
the IR absorption at 1078 and 805 cm21, which were labeled
v4 and v3 , respectively.20 Irradiation introduces a shift in
opposite directions: the frequency ofv4 decreases from 1078
to 1044 cm21 whereas that ofv3 increases from 807 to 822
cm21.

The evolution of the position of the peak labeledv4 for a
variety of ions and as a function of ion dose is shown Fig
The following ion/energy combinations are shown: 10-Me
H, 15-MeV He, 2-MeV Li, 4-MeV C, 30-MeV Si, 35-MeV
Se, 67-MeV Br, and 80-MeV I. No peak shift was observ

ted
d
id-

-
e

FIG. 3. Alignments of the flux diffuser installed in a beam lin
of 12-MV tandem accelerator in Japan.~a! Incident 127-MeV Br111

and 112-MeV I131 beams are perpendicular to a gold foil 1.1
mg/cm2 thick to achieve an accumulated dosage 13107 cm22 at an
angle 30° while beam energy was reduced to 91.7 and 76.4 M
respectively.~b! Alignment for the bombardment with 120-MeV
Br111 and 97.5-MeV I121 beams to obtain accumulated doses
31010 cm22 and higher while beam energy was reduced to 67 a
80 MeV, respectively. Au foil thickness for~a! and~b! was 2 and 4
mg/cm2, respectively.~c! Amorphous SiO2 surface bombarded with
76.4-MeV I ions at an accumulated dose 13107 cm22 followed by
48% HF etching for 20 sec, observed by scanning electron mi
scope.
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3692 PRB 62AWAZU, ISHII, SHIMA, ROORDA, AND BREBNER
for either 10-MeV H ions or 15-MeV He ions in the dos
region of 1016cm22 and lower. For all other ions, the fre
quencyv4 decreased and saturated at 1044 cm21 with in-
crease of dose. The ion dose where saturation is reach
very different for the different ions, spanning three orders
magnitude. Otherwise, the behavior of the frequency shif
a function of ion dose is similar for all combinations wi
only a factor of 12–15 between the dose required to initi
a shift and that to saturate it. In order to facilitate comparis
of the different ion/energy combinations, points of equal d
posited energy have been identified. The open circles
each curve in Fig. 5 correspond to a deposited ene
;3.431023eV/cm3, which amounts to a deposited ener
density approximately equal to the total Si-O bonding ene
;3.8 eV in a unit volume ofa-SiO2.

18

Next, we examined whether thermal annealing has an
fect on the IR absorption. Figure 6 shows such spectra
the same material as shown in Fig. 4, but after annealin
600 °C in He atmosphere for 10 min~dashed line!, 35 min
~dotted line!, and 150 min~solid line!. The spectra for unir-

FIG. 4. IR absorption spectra of ana-SiO2 film 193 nm thick
bombarded with I ions at accumulated doses 131011 cm22, 1
31012 cm22, and 131013 cm22. Solid line shows the spectrum o
the virgin sample.

FIG. 5. Frequency at an absorption maximum of thev4 band
against dose. 10-MeV H open squares; 15-MeV He, open triang
2-MeV Li, closed diamonds; 4-MeV C, closed triangles; 30-Me
Si, closed and reversed triangles; 35-MeV Se, crosses; 67-MeV
closed circles 80-MeV I, closed squares. All lines are a guide
the eyes. Open circles correspond to the bond energy of Si-O w
was obtained from the electronic stopping power of each ions m
tiplied by dose.
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radiated~solid line labeled ‘‘virgin’’! and irradiated with 3
31014-cm22 30-MeV Si ions ~solid line labeled ‘‘bom-
barded’’! are also shown for reference. It is seen in the figu
that even a short~10 min! anneal is enough to bring about
small shift of thev4 peak towards its original~unirradiated!
position. The unirradiated and 150-min annealed spectra
essentially identical, both absorption peaks having regai
their original intensities and central frequencies.

B. SEM observation: Conical holes

Some 2-mm-thicka-SiO2 plates were irradiated followed
by etching with a 48% HF solution for 20 or 45 sec. F
some ion energy combinations, visible holes appeared
could be observed by SEM as shown in Fig. 6. The io
energy combinations were:~a! 15-MeV Si, ~b! 33-MeV Se,
~c! and ~d! 92-MeV Br, ~e! 76-MeV I. The etch times were
45 sec for~a!, ~b!, and~c! and 20 sec for~d! and ~e!. Some
plates were scratched with a diamond point pen allowing
cross section of the holes to be observed at an angle 45°.
micrographs clearly show the conical shape of the etc
holes. Observation at an angle of 45° implies that the vert
scale is different from the horizontal one on the photogra
in Fig. 7. Sizes of conic holes~R, d! in nm whereR and d
present diameter and depth, respectively, were estimate
~a!, ~210,;20!; ~b!, ~940, 1800!; ~c!, ~940, 1800!; ~d!, ~330,
380!; ~e!, ~530, 1900!. In contrast to the heavy-ion bombard
ment, we could not observe any changes ona-SiO2 plates
bombarded with swift light ions 10-MeV H, 15-MeV He
2-MeV Li, or 4-MeV C ions followed by etching with a 48%
HF solution for 45 sec.

Since the modifications in the IR absorption induced
ion irradiation can be removed by thermal annealing, it w
decided to investigate the effect of similar anneal treatm
on the etchability of the latent tracks. Figure 8~a! shows the
SEM micrographs of the same material as shown in F
7~e!, a 2-mm-thick a-SiO2 plate, bombarded with 1
3107 cm22, 76-MeV I and etched for 20 sec with a 48% H
solution. The mean hole diameter was estimated at 514
Other such samples were annealed in He atmosphere at
450, and 500 °C for 150 min followed by a 20-sec etch w
48% HF. SEM micrographs of these samples, observed a

s;

r,
r
ch
l-

FIG. 6. IR absorption spectra of ana-SiO2 film 193 nm thick
bombarded with 80-MeV I ions at accumulated 331012 cm22 fol-
lowed by heating. Heating time at 600 °C in He atmosphere i
parameter. Solid line shows the spectrum of the virgin sample.
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PRB 62 3693STRUCTURE OF LATENT TRACKS CREATED BY SWIFT . . .
angle 45°, are shown in Fig. 8~b!–~d!, respectively. The
mean diameters were estimated at 370680 nm, 155
630 nm, and 90610 nm, respectively. It appears therefo
that the enhanced etchability induced by swift heavy ion
affected in a similar manner to that of the IR absorptio
namely, the damage can be repaired by thermal annealin
He atmosphere.

FIG. 7. SEM photographs ofa-SiO2 plates 2 mm thick bom-
barded with~a! 15-MeV Si, ~b! 33-MeV Se,~c! and ~d! 91.7-MeV
Br, and ~e! 76.4-MeV I ions followed by 48% HF etching for~a!,
~b!, and~c! 45 sec and~d! and~e! 20 sec at 20 °C. All observation
were performed at angle 45° to the surface. On the photograph
~b!–~e!, SiO2 surfaces were scratched with a diamond point pen
observe cross section of holes.

FIG. 8. SEM observation of the hole ona-SiO2 plates 2 mm
thick with heating temperature as a parameter.~a! An SiO2 plate
bombarded with 76-MeV I ions at an accumulated dose
3107 cm22 followed by 48% HF etching for 20 sec.~b! An a-SiO2

plate bombarded with 76-MeV I ions at accumulated dose
3107 cm22 followed by heating at~b! 400 °C, ~c! 450 °C, and~d!
500 °C for 150 min in He atmosphere. All plates were etched w
a 48% HF solution for 20 sec after bombardment.
is
;
in

C. Simultaneous recovery of etch rate and IR peak shift

An attempt was made to quantify the correlation betwe
the thermally induced restoration of the etch rate and the
absorption. Instead of etching individual holes, somew
higher ion fluences were used so that the individual tra
overlap significantly. As well, one half of the surface of
193-nm-thicka-SiO2 film was covered with a 0.5-mm-thick
blade prior to the bombardment with 80-MeV I ions. Afte
appropriate thermal annealing at 600 °C and etching wit
diluted HF solution~48% HF: H2O51:20!, the step height at
the border between the irradiated and the unirradiated
was measured by surface profilometry. The difference
etching rate could thus be determined from the step he
divided by etching time. As well, the IR absorption was me
sured on the irradiated part of the samples. The results
shown in Fig. 9, which presents the relative etch rate a
function of shift of the frequencyv4 . The etching rate and
peak shifts are taken relative to unirradiated material. The
fore unirradiateda-SiO2 gives a point in the lower right
corner at ~0, 1!. Circles and squares denote bombard
a-SiO2 films at accumulated doses of 131012 and 3
31012 cm22, respectively. With increasing annealing tim
the relative etch rate decreases and the frequencyv4 in-
creases simultaneously. Both the etching rate and thev4
central frequency can be completely recovered to their or
nal values by annealing at 600 °C for 150 min.

D. Paramagnetic centers

Electron spin resonance~ESR! at room temperature wa
used to characterize the radiation damage in 193-nm-th
dry a-SiO2 films. The detected signal showedgi and g'

values of 2.0017 and 2.0001 that have been attributed
either theE8 center9 or to the •Si[SiO2 center.13 One can
distinguish between theE8 center and the •Si[SiO2 center
through the saturation behavior of the signal with increas
microwave power. The intensity of theE8 signal begins to
saturate at a microwave power 20mW, whereas that of the
•Si[SiO2 signal does not saturate even at 10 mW. The E

of
o

1

h

FIG. 9. Relative etching efficiency against shift of the frequen
v4 . Amorphous SiO2 films 193 nm thick bombarded 80-MeV
ions at accumulated doses 131012 cm22 ~circles! and 3
31012 cm22 ~squares! were annealed at 600 °C. Decrease of re
tive etching efficiency and increase of the frequencyv4 were si-
multaneously observed with annealing. Solid line is only the gu
for the eyes.
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3694 PRB 62AWAZU, ISHII, SHIMA, ROORDA, AND BREBNER
signals detected in our samples saturated at 20mW and were
thus attributed to theE8 center.

Figure 10 shows theE8 center concentration as a functio
of ion dose for a variety of ions, namely 2-MeV Li, 4-Me
C, 30-MeV Si, and 67-MeV Br. In all four cases, theE8
density initially increases with ion dose, then reaches a m
mum, and finally decreases with ion dose. TheE8 center
concentration shows the following maximum values: For
ions: 531019cm23 at 331014cm22; for C ions: 5
31019cm23 at 131014cm22; for Si ions: 1.131019cm23 at
331013cm22; and for Br ions: 631018cm23 at 7
31012cm22. The ESR signals ina-SiO2 film bombarded
with 1011– 1015cm22, 80-MeV I ions were ambiguous an
are not shown. It is recalled here that neither the IR abso
tion nor the etch rate enhanced showed any maximum
function of ion dose. It appears therefore that there is
direct correlation between theE8 center density and the etc
rate enhancement.

E. Oxygen deficient center

Oxygen-deficient-type defects such as the Sr31 structure
are an important class of defects in ion bombardeda-SiO2
and it should be established whether there is any correla
between these defects and the etch rate enhancement. T
end, some samples were examined with x-ray photoelec
spectroscopy~XPS!. On insulating samples such asa-SiO2,
charge correction may be necessary and in this case,
position of the C1s line from adventitious hydrocarbon
~which are nearly always present! were used. Figure 11~a!
illustrates a typicalC1s spectrum on a 193-nm-thicka-SiO2
film. The spectrum can be decomposed into three peaks,
a main peak and two smaller peaks which are located
binding energies 1.70 and 3.09 eV higher than the main p
energy. The ratio of the main peak to those two sma
peaks was nearly 100:10:1. This ratio was the same on
our samples and did not depend on ion species, dose,
bombardment energy. Therefore the main hydrocarbonC1s
peak can be used as an internal standard.

FIG. 10. Concentration of theE8 center determined by ESR
measurement against dose. Amorphous SiO2 films 193 nm thick
were bombarded with 2-MeV Li~reversed triangles!, 4-MeV C
~circles!, 30-MeV Si~triangles!, 67-MeV Br ~squares!, and 80-MeV
I ions. E8 center introduced by I ion bombardment was ambiguo
to determine the concentration. All lines are guides for the eye
i-
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Figure 11~b! shows the Si 2p spectrum of an unirradiated
a-SiO2 film. The spectrum can be divided into Si 2p1/2 and
Si 2p3/2 spin-orbit partner lines. For a mathematically uniq
decomposition we used the spin-orbit splitting that have b
reported and summarized in Table I.16 Intensity ratio of the
Si 2p1/2 and Si 2p3/2 comes out in these fit to be equal to th

s

FIG. 11. XPS spectra of ana-SiO2 films 193 nm thick. The
largest peak inC1s signal due to contamination ofa-SiO2 surface
was used as an internal energy standard.~b! Si 2p signal on a virgin
a-SiO2 film. The signal can be divided into two signals, 1:Si 2p3/2;
2:Si 2p1/2. ~c! Si 2p signal on ana-SiO2 film bombarded with
2-MeV Li ions at an accumulated dose 331014 cm22. 1:Si41 2p3/2;
2:Si41 2p1/2; 3:Si31 2p3/2; 4:Si31 2p1/2. Intensity ratio of the
Si31 2p3/2 and Si31 2p1/2 is always 1:2. Parameters for decompo
tion were summarized in Table I.
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PRB 62 3695STRUCTURE OF LATENT TRACKS CREATED BY SWIFT . . .
statistical value of 1:2 within65%. In the spectrum, the
spin-orbit decomposed curves were shown for clarity w
dotted lines. Precise peak energies of Si21, Si1, and Si0 have
been reported,16 yet these bonds did not need decomposit
of the XPS Si 2p spectra of SiO2 films bombarded with ions

It has been also reported16 that the Si312p peak located at
1.5 eV lower than the Si412p peak and spin-orbit splitting o
0.60 eV is an atomic property and practically independen
the chemical environment~Table I!. Figure 11~c! illustrates
the analysis of the data for the Si 2p of an a-SiO2 film
bombarded with 2-MeV Li ions at an accumulated dose
31014cm22.

Consequently, we can write

x5@Si31#12@Si41# and @Si31#1@Si41#51 ~1!

from the intensity ratio of Si41 2p to Si31 2p for SiOx .
Figure 12 presents thex value ina-SiOx obtained by bom-
bardment of 2-MeV Li~circles!, 4-MeV C ~squares!, 30-
MeV Si ~triangles!, and 80-MeV I~inverted triangles! ions as
a function of dose. We notice thatx values which present
the stoichiometry do not respect the electronic stopp
power shown in Fig. 1~a!.

IV. DISCUSSION

A. Relationship between etching rate and shift
of the frequency v4

The data shown in the preceding sections cover the eff
of a wide range of ion species, energies, and fluences on
structure ofa-SiO2. To compare one ion mass with anothe
some scaling of the ion dose would be required. In particu
we would like to compare measurements at a fluence wh
the individual cylinders are just beginning to overlap. Th
can be estimated using an analytical formula20,21 for the ra-
dial profile of the spatial energy deposition. Once this rad
damage profile is known, the radiusRd of the damage cylin-
der is estimated at that which contains 65% of the incid
energy. From Rd, the minimum dose to cover the surf
with damaged zone~MDDZ! was estimated with the formul

MDDZ ~cm22!50.65/$~1027Rd!2p%. ~2!

TABLE I. Parameters for decomposition of the XPS Si 2p spec-
trum.

Si41 2p1/2 Si41 2p3/2 Si31 2p1/2 Si31 2p3/2

Peak energy~eV! 103.40 104.00 101.90 102.50
FWHM ~eV! 1.50 1.50 1.45 1.45
n

f

3

g

ts
he
,
r,
re

l

t
e

Values forRd and MDDZ for each of the ions were summ
rized in Table II, as well as frequenciesv4 at MDDZ esti-
mated from the corresponding curves in Fig. 5. Heavy io
such as Se, Br, and I, which upon etching introduce cl
individual holes ona-SiO2, are seen to introduce a larg
shift of v4 at MDDZ. This would imply that even the pas
sage of a single Se, Br, or I ion creates a latent track wh
the shift of the frequencyv4 is at least220 cm21.

Using the data from Table II, we now know which dos
should be compared and thus replotted~as square symbols!
as the measured diameter of etched holes against the sh
v4, for all projectiles but in each caseat MDDZ ~Fig. 13!.
As well, these data are compared directly with the annea
results of 80 MeV I irradiated samples: the circles show
diameter of holes made by 80 MeV I irradiation, annealin
and etching against the shift ofv4. Annealing was per-
formed prior to etching and IR absorption measurement
maximum shift inv4 ~at MMDZ! of 234 cm21 could be
obtained by bombardment with 531012 cm22 80 MeV I
ions. An increase ofv4 and a decrease of the hole diame
are simultaneously observed with increasing annealing t
perature. Clearly, the circles~annealing! fall on the same line
as the squares~different ion mass! which strongly implies
that the shift ofv4 in the latent tracks is correlated with th
etching efficiency of those tracks. Moreover, these data
individual tracks complement the data shown in Fig.
There, we presented a correlation between the relative
rate and the shift ofv4. Again, the etching efficiency is
strongly correlated to the shift of the frequencyv4.

We now recall that open circles in Fig. 5 denote the i

FIG. 12. Thex value in a-SiOx obtained by bombardment o
2-MeV Li ~circles!, 4-MeV C ~squares!, 30-MeV Si~triangles!, and
80-MeV I ~inverted triangles! ions as a function of dose. Thex
values in SiOx were estimated from the concentration ratio of Si41

and Si31 determined from XPS Si 2p spectra as follows:x
5@Si31#12@Si41# and@Si31#1@Si41#51. All lines are guides for the
eyes.
um
TABLE II. Rd value is the radius of a cylinder which absorbs 65% of the incident energy. Minim
dosage to cover the surface with damaged zones~MDDZ! was estimated with the formula MDDZ
50.65/$(1027Rd)2p%. Peak shifts of the frequencyv4 at the MDDZ were estimated from Fig. 5.

2-MeV Li 4-MeV C 30-MeV Si 35-MeV Se 78-MeV Br 78-MeV I

Rd ~nm! 1.5 1.9 2.8 2.5 3.4 2.7
MDDZ (1012 cm22) 9.8 8.0 6 5.5 2.7 5.1
v4 peak shift~cm21! 0 21 25 224 225 234
Hole diameter~a.u.! 0 0 20 92 96 145
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dose where the deposited energy reaches 3.431023eV/cm3,
which is approximately equal to the total Si-O bonding e
ergy ~3.8 eV! in a unit volume ofa-SiO2.

18 The deposited
energy was calculated from the electronic stopping pow
multiplied by dose. The position of the open circles do n
correspond with the starting point of the frequency shift
v4 . For example, the peak shift started when the absor
energy exceeded the total Si-O bonding energy for 2-MeV
ion. In contrast, the peak shift was over and saturated w
the absorbed energy reached to the total Si-O bonding en
for 80-MeV I ions. This suggests that the peak shift is n
related to the scission of Si-O bonds. We will discuss
scission of Si-O in the following Sec. IV C.

B. Structural model for the frequency shift

In this section we will attempt to identify a structur
model for the changes in silica induced by swift heavy io
that give rise to the observed shift inv4. We know that the
basic building block, which is essentially a rigid entity, is t
SiO4 tetrahedron with an O-Si-O bond angle of 109.5° a
these tetrahedra are placed together to construct 6–9 rin22

Molecular orbital calculations indicate that the bond ene
is minimized for an intertetrahedral, Si-O-Si bridging bo
angleu;144° and that for 120°<u<180° there is only a
weak variation in the bond energy with angle. As a go
approximation, frequency of thev4 peak is given by

v45a@2~asin2 u/21bcos2 u/2!/m#1/2,23,24 ~3!

wherea andb are the central and noncentral force constan
m is the mass of the oxygen atom, andu is the bridging bond
angle of Si-O-Si. Ifm is in Kg, anda in N m21, then the
multiplying constant 5.305310212 yielding v4 in cm21. A
compilation of data25 on materials whereu has been mea
sured directly by some method such as electron or x-
diffraction shows that to a very good approximation, foru

FIG. 13. Diameter of holes introduced by bombardment of
MeV I ions followed by etching vs shift of the frequencyv4 at the
minimum dose to cover the surface with damaged zone~MDDZ!.
Chemical signals for elements written near squares identified
bombarding ions. Circles present the relationship between diam
of holes introduced by bombardment of 80-MeV I ions followed
etching and shift of the frequencyv4 at the MDDZ with the an-
nealing temperature as a parameter. Temperatures for each e
ments are presented near each plots. Solid line is guide for the
-
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<150°, a5582 N m21 and b5264 N m21. Equation ~3!
then enables us, with some confidence, to estimate Si-O
bond angles from measured IR absorption frequencies
shift in v4 from 1078 cm21 to 1044 cm21 would imply a
decrease in the Si-O-Si bond angle from 144° to 129°. T
bond angle in a planar three member rings was estimate
130.5°.26 Therefore one candidate to explain such a stro
reduction of Si-O-Si bond angle would be the reduction
ring size from six member rings to planar three and fo
member rings. It is interesting to compare our result on sil
bombarded with swift heavy ions with that obtained on ne
tron irradiated amorphous silica. In that case, Raman sca
ing peaksD1 at 435 cm21 andD2 at 606 cm21, assigned to
the planar four and three member rings, respectively,26 were
observed and the intensity of both increased with neut
bombardment. It appears that both swift heavy ions and n
tral irradiation lead to the formation of planar three and fo
member rings and it seems reasonable that the forma
mechanism would also be similar. In this context, it has be
reported that both theD1 and D2 intensities increased with
increasing ‘‘fictive temperature.’’20 The ‘‘fictive tempera-
ture’’ is a higher temperature at whicha-SiO2 is allowed to
reach an equilibrium state before a rapid quench to ro
temperature. According to the thermal spike model,1–3 the
passage of a swift heavy ion introduces flash heating
quenching in amorphous SiO2, thus creating a latent track.

C. Si-O bond scission

In Fig. 10 it was shown that concentration ofE8 center
induced by bombardment exhibits a maximum as a funct
of dose. The maximum concentration was smaller for io
with a larger electronic stopping power. Moreover, there w
no clear correlation between theE8 concentration and the
etching enhancement. For example, the largest and the d
est conic hole was observed ina-SiO2 bombarded with 76-
MeV I ions, but the lowest concentration was observed
those samples. Clearly, theE8 center is not a good indicato
for the etching efficiency ofa-SiO2.

Even thoughE8 centers do not appear to play any role
significance for the etching behavior of the latent tracks,
would like to review some possible generation mechanis
of the E8 center under high energy radiation. It has be
reported that theE8 center can be created and activated
radiation as follows:

@E8#;NA~D !1NC~D !5k3@12exp~2D/D0!#1k4D

~Ref. 27!, ~4!

whereNA(D) andNC(D) present the total number induce
by activation and by creation, respectively. It has been p
posed that this equation can be simplified as

@E8#5k1D in high purity a-SiO2 ~Refs. 28–30),
~5!

or

@E8#5k2D0.5 in a-SiO2 containing ;1000 ppm OH

~Refs. 29 and 30!, ~6!
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whereD represents dose. All these equations~4!–~6! reflect
the fact that normally, theE8 concentration increases mon
tonically with IR radiation. However, we found a maximu
followed by a decrease of theE8 concentration. How can we
explain this abnormal phenomenon?

In order to answer this question, we replotted, in Fig.
the E8 concentration as a function of the absorbed ene
with gamma-ray and ion beams. The absorption energy
the gamma-ray and ion beams were calculated as

AE51.383108r , ~7!

and

AE5104~dEe /dx!D, ~8!

where AE,r, (dEe /dx), andD present the absorption energ
in MeV/cm3, the absorbed dose in rad (SiO2), the electronic
stopping power in keV/nm, and the accumulated dose of
in cm22.

The concentration of theE8 center induced by gamma ra
in a-SiO2 films 193 nm thick obeys the rule shown in E
~5!. If the E8 center was generated according to the rule,
E8 concentration would reach;1019 cm23 ~;1 mol%! and
;1020 cm23 ~;10%! at accumulated doses 1014 and
1015 cm22, respectively. This concentration is too high
observe allE8 signals because interaction between neighb
ing E8 centers is expected to occur. This phenomenon is n
known as the ‘‘E8-E8 interaction.’’ One possible candidat
is that theE8-E8 interaction generates the oxygen deficie
center, which is not a paramagnetic center, according to
following reaction:

2[Si•~E8center!→[SiSi[. ~9!

We could not find any rule between concentration of
oxygen deficient center as detected by XPS and the e
tronic stopping power. For example,x values ina-SiOx at

FIG. 14. Concentration of theE8 center vs absorbed energy wit
different radiation sources. Absorption energy of gamma ray
the swift heavy ions were calculated as AE51.383108 r and AE
5104(dEe /dx)D, where AE,r, (dEe /dx), andD present the ab-
sorption energy in MeV/cm3, the absorption dose of gamma ray
rad (SiO2), the electronic stopping power in keV/nm, and the a
cumulated dose of ion in cm22, respectively.
,
y
of

n

e
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w

t
e

e
c-

the MDDZ 631012cm22 for 30 MeV Si and 5.1
31012cm22 for 80-MeV I are estimated from XPS to b
1.65 and 1.88, respectively. Nevertheless, the contou
conic holes after etching these two samples is ambiguous
clear, respectively. It should be noticed that Si ions do
directly change the stoichiometry ofa-SiO2 because in our
experiment, all ions passed though ana-SiO2 layer 193 nm
thick and stopped in silicon substrate. Thus it is conclud
that oxygen deficient centers detected with XPS, too, do
influence the etching efficiency ofa-SiO2.

We have now shown that two properties of amorpho
silica indicative of Si-O bond scission, namely theE8 con-
centration and the oxygen deficiency, do not correlate w
the etching enhancement, but that there is a correlation
tween etching and the shift of the IR absorptionv4 band. A
complication arises now, because thev4 band itself is not
necessarily independent of Si-O bond scission. As show
Fig. 4, the intensity of thev4 band decreased with increasin
accumulated dose. In a previous report,31 this reduction had
been explained by bond scission of Si-O. Many reports h
also indicated thatv4 was strongly influenced by, for ex
ample, thickness,32–36 strain,37 and stoichiometry.38 Re-
cently, we performed more than 80 measurements ona-SiO2
films fabricated by several methods to determine the rela
between the oscillator strength ofv4 and the frequency at the
absorption maximum ofv4 .39 It was found that the oscillato
strength ofv4 decreased according to the decrease in
quency in the region of 1078–1064 cm21, for example, in
f ;4.1 at 1078 cm21 and f ;0.9 at 1062 cm21. In light of the
new results, it is suggested that the decrease of intensit
the v4 band is not attributed to scission of the Si-O bond
least in the region of 1078–1064 cm21.

V. SUMMARY

In summary, the defect structure of ion tracks ina-SiO2
created by swift heavy ions has been studied by IR abs
tion, XPS, and ESR. These techniques showed how the
statistics and the number of bond scissions changed with
dose, and that these two phenomena behaved differently.
ion dose dependence of the etching rate enhancement c
lated with the changes in ring statistics but not with bo
scission or oxygen deficiency. It is concluded, therefore, t
the major reason for the fast etch rate in the latent track is
generation of planar three- and four-member rings. Th
planar three- and four-member rings are likely introduced
a process of flash heating and quenching following the p
sage of a swift heavy ion.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge the expert assistance o
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