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Oxygen-activated epitaxial recrystallization of Li-implanted a-SiO2
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A very strong exchange of oxygen betweena-quartz (16O) and annealing atmosphere (18O) observed during
solid-phase epitaxial growth of Li1- and Cs1-ion-beam-amorphized single-crystala-quartz is reported. Epi-
taxial regrowth was observed in Li-irradiated samples after 700 °C annealing and in Cs-irradiated samples after
870 °C annealing, by means of Rutherford backscattering spectrometry in channeling geometry. The18O/16O
exchange and the outdiffusion of Li were investigated by the use of time-of-flight elastic recoil detection
analysis. Our experiments show that alkali-ion implantation strongly enhances the exchange of16O in SiO2

with 18O of the annealing atmosphere. The exchange accompanies the loss of alkali atoms, thus favoring the
recrystallization of the lattice. Mechanisms of epitaxial regrowth in Li- and Cs-implanteda-quartz are
discussed.
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I. INTRODUCTION

Crystallinea-quartz and amorphous SiO2(a-SiO2) offer a
wide range of technological applications and represent
of the most important dielectric in microelectronics1,2 and
optoelectronic device technology.3 Manifold applications of
those materials can be found, for example, in opti
waveguides, switches, and amplifiers. For processing
a-quartz anda-SiO2 the ion beam is an indispensable too
However, ion irradiation ofa-quartz leads to aperiodi
~highly damaged or amorphized! networks already at low ion
fluences. Much effort has been devoted in the last two
cades to understand the mechanisms of the disorderin
SiO2 by ion irradiation, the stability of the defects, and t
solid-phase epitaxial growth ~SPEG! of ion-beam-
amorphized layers.3–23

Although many attempts were made, complete annea
of defects in ion-irradiated SiO2 films was not achieved be
low 1200 °C until recently.11–14 SPEG of ion-beam amor
phizeda-quartz upon thermal annealing was therefore ru
out both from experimental results15 and theoretical
considerations.16 Very recently, Roccaforteet al.20–22 ob-
served epitaxial recrystallization of ion-irradiateda-quartz
after alkali implantation and annealing in air. They fou
PRB 610163-1829/2000/61~5!/3327~6!/$15.00
e

l
of

e-
of

g

d

that SPEG of Cs-implanteda-quartz occurs at 875 °C whe
annealing in air, while only very little regrowth takes plac
in vacuum. On the other hand, after implantation of self-io
~namely, stoichiometric amounts of Si1 and O1 ions! or
Xe1 ions, no epitaxial recrystallization was observed up
temperatures of about 900 °C.

The influence of alkali ions and annealing environme
was explained in terms of topological alterations in t
@SiO4#-tetrahedral network.20–23The implantation of Cs ions
and subsequent annealing in air were suggested to resu
the formation of Cs2O network modifier. The alkali oxide
dissolved inside the SiO2 amorphous network breaks up th
corner-sharing@SiO4#-tetrahedral network by generatin
nonconnected tetrahedron corners,24 but leaves the@SiO4#
tetrahedra intact. This reduces the average connectivity
the amorphous network and thus increases its recrystal
tion probability.

To understand in more detail the role of oxygen and da
age produced during ion irradiation, we have studied in
current work SPEG in Li- and Cs-implanted samples a
nealed in an18O atmosphere. The migration of16O out of
the sample and18O into the sample was observed by th
time-of-flight elastic recoil detection analysis~TOF-ERDA!
technique. Our experiments show that the alkali-irradiatio
3327 ©2000 The American Physical Society
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3328 PRB 61M. GUSTAFSSONet al.
induced damage enhances the outdiffusion of16O and indif-
fusion of18O, giving rise to a strong exchange of the oxyg
isotopes in the damaged region. This exchange accompa
the loss of alkali atoms and favors the epitaxial recrysta
zation of the lattice. For this kind of investigation, a comb
nation of depth profiling methods@Rutherford backscattering
spectrometry~RBS!, TOF-ERDA# of all relevant elements
and isotopes and RBS channeling for probing the crysta
ity of the bulk surface layer was used.

II. EXPERIMENT

Single-crystalline ~0001! a-quartz samples, 10 mm
310 mm in area and 1 mm thick, were irradiated with 1
keV Li1 or 250-keV Cs1 ions to a fluence of 2.5
31016 ions/cm2, using the Go¨ttingen heavy ion implante
IONAS.25 For comparison of oxygen migration, samples
2.531016 250-keV Xe1 ions/cm2 were also prepared. Th
energies were chosen to obtain the same projected rang
all the implantations, as predicted byTRIM95 calculations.26

During irradiation the samples were kept in thermal cont
to a liquid nitrogen reservoir~77 K!. The beam heating of a
sample was avoided by keeping the ion-beam current be
2 mA. The ion beam was swept over the sample surface
means of an electricx-y sweep system in order to achieve
homogeneous implantation. Thec axes of the samples wer
misaligned by 6° with respect to the beam direction to p
vent channeling of the impinging ions.

After implantation, 1 h isochronal thermal annealing o
the samples was carried out in an18O atmosphere and air a
temperatures between 300 and 800°C. For annealing in18O,
the sample was put into a quartz glass ampoule. After hav
evacuated the ampoule to about 431025 mbar, the glass
tube was filled with enriched~98%! 18O gas at a pressur
required to have 1 atm at a wanted annealing tempera
Then the sample was encapsulated by melting the top of
ampoule, and the annealing was performed in a conventi
furnace operated in air.

For the characterization of the thickness of the amorph
layers and the crystallinity of the implanted regions in t
as-implanted and annealed samples, respectively, Ruthe
backscattering spectrometry measurements in channeling
ometry ~RBS-C! ~Ref. 27! were performed by the use of
0.9-MeV He21 beam from IONAS.

The TOF-ERDA measurements for depth profiling the
16O, and18O contents were performed with a 34-MeV127I61

ion beam obtained from the 5-MV EGP-10-II tandem acc
erator of the University of Helsinki. The detection angle w
40° relative to the beam direction. The energies of the rec
were obtained from the time-of-flight signals and the ene
detector signal was used for mass separation only. The d
distributions were calculated from the energy spectra us
the bulk density 2.65 g/cm2 of SiO2 and Ziegler-Biersack-
Littmark ~ZBL! stopping powers for energy los
calculations.26 The measurement system and depth distri
tion calculation procedure are discussed in detail in Ref.
An unimplanted sample was used for background reduct
In the analysis, the detection efficiency of the two carbon
timing detectors was taken into account.29
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III. RESULTS

A. Li implantation

Figure 1 shows part of the RBS-C spectra of a series
Li-irradiated samples after 1 h thermal annealing a
300–700 °C in the18O atmosphere. Since the ion fluence w
well above the critical value required for amorphizin
a-quartz,30 a 170-nm-thick amorphous layer was formed
the implantation. Up to 600 °C no alteration of the damag
structure was observed, excluding a small shift of thea/c
interface at 600 °C. Significant recrystallization of the am
phous layer started at 650 °C. After annealing at 700
however, no further recrystallization could be observed,
dicating that a large amount of stable defects was left. In
sample annealed in air there was about the same am
~25%! of structural damage left. No planar movement of t
a/c interface was observable. Figure 2 illustrates the red
tion of the RBS-C yield from the implanted region as a fun
tion of the annealing temperature which is a measure of
damage left in the amorphized zone.

Migration of Li atoms in the annealed samples as o
tained in the TOF-ERDA measurements is illustrated in F
3~a!. The original shape of the Li profile was well preserv
in the samples annealed in the18O atmosphere, whereas i
those annealed in air an increase of Li close to the surf
~20–70 nm! was observed as illustrated by the 750 °C p
file. During the annealing in the18O atmosphere the loss o
Li started at 600 °C. After annealing at 700 °C the maximu

FIG. 1. Channeling RBS spectra ofa-quartz implanted with
15-keV Li, taken after 1 h annealings in an18O atmosphere.

FIG. 2. Loss of the Li and Cs contents~open symbols!, increase
of the 18O contents~solid symbols!, and decrease of the degree
damage~dot-dashed line! in the Li- and Cs-irradiated regions, ob
tained after annealing thea-quartz samples in the18O atmosphere.
The 18O contents are integrated over the depth from 50 to 170
for Li and from 50 to 250 nm for Cs. The dotted line drawn throu
the 18O points is to guide the eye.
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Li concentration was 0.2 at. % in the implanted region. In
samples annealed in air, the loss of Li was not yet comp
at 750 °C; about 50% of the implanted Li atoms was still l
with a maximum concentration of 1.8 at. %. The loss of Li
the samples is shown in Fig. 2 as a function of temperat

TOF-ERDA measurements showed that when annea
the Li-implanted samples in air, the16O concentration has
the constant stoichiometric value of 67 at. %, namely, tha
SiO2. No nitrogen was observed in the ERDA spectra abo
the 0.1 at. % concentration level. On the other hand,
annealing of nonirradiateda-quartz in the18O atmosphere a
800 °C led to indiffusion of18O and outdiffusion of16O, the
total oxygen content having the value of 65 at. % due to
lower intake of 18O than the loss of16O, Fig. 4~a!. The
exchange of the oxygen isotopes is peaked towards the
face within the first 25 nm, probably due to defects intr
duced during grinding and polishing the surface by
manufacturers ofa-quartz. By using the analyzing tech
niques described in Ref. 31, the shapes of the oxygen iso
profiles in the region 250–200 nm resulted in the diffusiv
of 7.260.3 nm2/s for 16O and 18O.

Figure 4 summarizes our results concerning the16O and
18O depth profiles without ion irradiation@Fig. 4~a!#, after Li
implantation @Fig. 4~b!#, and after Cs implantation@Fig.
4~c!#. In the Li-implanted sample the migration of the ox

FIG. 3. Concentration distributions of Li~solid symbols! and
18O obtained in TOF-ERDA measurements of the Li-implant
samples annealed in the18O atmosphere. A concentration profile o
served after the 750 °C annealing in air is shown for compari
~dashed line!. Also shown are the range profile~solid line! and the
deposited energyFD ~dotted line! as obtained in the MD calcula
tions. The deposited energy, shown in the figure withouty scale, has
the value of 21 eV/nm/ion at 50 nm.~b! Concentration distributions
of Cs ~solid symbols! and 18O ~open symbols! obtained in RBS and
TOF-ERDA measurements of samples implanted with 250-keV
ions and annealed in the18O atmosphere. The MD calculations a
for ~a!. The deposited energy is 140 eV/nm/ion at 50 nm.
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gen isotopes was enhanced, Fig. 4~b!. Close to the surface
~0–50 nm! there was very much stronger exchange of
oxygen isotopes than in the deeper-lying part of the dama
region from 50 to 200 nm. The ion irradiation enhances
oxygen exchange also with respect to that observed in
grinding and polishing damaged region in the unirradia
samples, Fig. 4~a!. At 600 °C the 18O concentration has
reached about 1 at. % in the implanted region. A large
hancement can be seen in the 700 °C profile, where the18O
concentration in the modal range region~90–110 nm! of the
Li ions is about 11 at. %. Beyond the implanted region
about 200 nm, the18O concentration is very low. The sum o
the 18O and 16O concentrations has the stoichiometric valu
independently of the depth. The increase of the total18O
amount in the region 50–200 nm is illustrated in Fig. 2~solid
symbols!. The concentration profiles could not be fitted by
function to deduce the diffusivities due to the fact that th
are connected to the ion implantation induced damage
conclusion, the recrystallization of the matrix~Figs. 1 and 2!,
the loss of Li@Figs. 3~a! and 2#, and the take-up of18O @Fig.
3~a! and Fig. 2# were found to be strongly correlated in
narrow temperature interval between 500 and 700 °C.

B. Cs implantation

Migration of Cs atoms in the samples annealed in the18O
atmosphere, as obtained in the RBS measurements, is
trated in Fig. 3~b!. The boxlike diffusion profiles in these
samples are in a good agreement with the results repo
earlier for samples annealed in air.20 The loss of Cs from the
samples is included in Fig. 2. The migration was observed
start after annealing at 600 °C without a loss of Cs.

n

s

FIG. 4. Concentration distributions of18O ~solid symbols! and
16O ~open symbols! obtained in TOF-ERDA measurements of~a!
the unimplanted,~b! the 15-keV Li-implanted, and~c! the 250-keV
Cs-implanteda-quartz samples annealed in18O. The solid lines in
~a! are the fits used to obtain the diffusitivities of18O and16O. The
dashed lines shows the stoichiometric16O concentration of SiO2.
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Figure 4~c! shows that in the Cs-implanted samples t
exchange of the oxygen isotopes was about the same
the Li-implanted samples. In the region close to the surf
~0–70 nm! the exchange was not as strongly peaked towa
the surface as in the Li-implanted samples, the maxim
concentrations in the vicinity to the surface being, howev
about the same. In the modal range region of the Cs i
~60–100 nm!, the 18O concentration varied from about 2 a
% at 600 °C to 10 at. % at 700 °C, both values being ab
the same as in the Li-implanted samples, and to about 2
% at 800 °C. The extensions of the profiles beyond the
plantation range of Cs ions~about 150 nm! along with the
increasing temperature correlate with the extensions of
Cs profiles; see Fig. 3~b!. The total oxygen concentration o
about 62 at. % at 600 and 700 °C was below the stoich
metric value in the damaged region and still after the 800
annealing slightly below it, namely, about 65 at. %. T
increase of the total18O amount in the 50–250 nm region
illustrated in Fig. 2 and agrees well with that after Li impla
tation.

The Xe-implanted samples had similar oxygen profiles
the Cs-implanted samples, namely, peaked exchange in
0–25 nm region and similar16O and 18O concentrations in
the implanted region after annealing at 600 °C. However,
change, excluding an enhanced exchange in the region 0
nm, was observed in the concentration distribution after
nealing at 700 °C.

The comparison of the Li and Cs profiles with the18O
profiles @see Figs. 3~a! and 3~b!# demonstrates that in th
region 0–50 nm the18O concentrations increased strong
for rising annealing temperature. In the alkali-implanted
gion the very low18O concentrations started to increase af
the 600 °C annealing when alkali atoms migrated out of
region. The increase is very strong when the alkali conc
tration is reduced below 0.5 at. %.

The results with both alkali ions are very similar and c
be summarized in the following way:~1! After annealing of
alkali-implanteda-quartz, recrystallization, alkali migration
and oxygen exchange start at 600 °C.~2! The strong en-
hancement of the oxygen isotope exchange is accompa
by the complete loss of alkali atoms and recrystallization
the lattice.

IV. DISCUSSION AND CONCLUSIONS

Extended x-ray-absorption fine structure~EXAFS! inves-
tigations of ion-irradiateda-quartz have proved that, in spit
of the loss of long-range order, the@SiO4#-tetrahedral net-
work remains fully connected, even after high-fluen
bombardments.17 The implantation of alkali ions and annea
ing in an oxygen-containing atmosphere lead the alkali to
as network modifiers by breaking up the network and gen
ating nonconnected tetrahedron corners.19,20,22,24 This re-
duces the average connectivity of the amorphous SiO2 net-
work and thus increases its recrystallization probability. T
importance of alkali network modifiers for the SPEG
a-quartz was demonstrated by Roccaforteet al., who mea-
sured an increasing recrystallization rate for increasing
concentration, at a constant annealing temperature
800 °C.18,22 Disordering of the@SiO4#-tetrahedral network
was accompanied by a 20% decrease of the SiO2 density,
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indicating a large amount of open volume which can enha
the oxygen migration.

The measured range profiles of Li@Fig. 3~a!# and Cs ions
@Fig. 3~b!# were reproduced in molecular dynamics~MD!
calculations. The basic algorithms of the simulation co
have been discussed in detail elsewhere.32–34 In short, it is a
MD code utilizing domain following and the recoil interac
tion approximation. The collisions between the ion and
target atoms are treated with pair potentials calculated w
the DMol density functional package.35,36 The electronic
slowing down, though small at the energies used, was ta
into account as a nonlocal friction force. The electronic sto
ping power data were taken from Ref. 26. The slowing do
was simulated ina-quartz. The comparison of the measur
and calculated range profiles is done to confirm the reliabi
of the calculated deposited energy distributions. The dep
ited energies are illustrated in Figs. 3~a! and 3~b! for the Li
and Cs implantations, respectively. The deposited energ
~at 50 nm! by a factor of 7 higher for the Cs~140 eV/nm/ion!
than Li ~21 eV/nm/ion! implantations. In the vicinity of the
surface a peak of the deposited energy can be observe
both cases.

The exchange between18O in the annealing atmospher
and 16O in the network has extensively been studied both
crystalline37 and amorphous SiO2.38 For increasing tempera
ture, the increase of thermal vibrations together with the c
centration gradient can lead to the incorporation of18O and
outdiffusion of 16O,39 as obtained also in the current wor
Fig. 4~a!.

Our data show that in the irradiated region not only t
incorporation of18O but also the damage~deposited energy
and implanted atoms! enhances the release of16O. We at-
tribute the oxygen exchange close to the surface~0–50 nm!
observed in all the samples to defects introduced by
grinding and polishing of the sample surfaces and the str
enhancement of the exchange to the deposited energy du
ion irradiation.

The comparison of the Li-, Cs-, and Xe-implante
samples in the range region of the implants shows the
hancement of the oxygen exchange and depletion of16O
with respect to the deposited energy and implanted ato
The similarity of the profiles after the 600 °C annealing
Cs- and Xe-implanted samples is mainly explained by
deposited energy, namely, 140 eV/nm/ion at 50 nm for b
the Cs and Xe implantations. The damage due to the im
bile implanted atoms can also be expected to affect the
files. The effect of implanted atoms can clearly be differe
tiated by comparing the oxygen profiles in the samples a
the 700 °C annealing. A strong exchange was observed in
Li- and Cs-implanted samples but not in the Xe-implant
ones. The deposited energy~21 eV/nm/ion at 50 nm! in the
Li implantation was not sufficient for the16O depletion and
oxygen exchange related to that, as demonstrated by the
gen profiles after the 600 °C annealing in Figs. 4~b! and 4~c!.

The difference in the Li profiles and contents in th
samples annealed in the18O atmosphere and air@Fig. 3~a!#
indicates that an increase of the oxygen content in the
nealing atmosphere enhances the Li migration.

The possible formation of alkali-oxide network modifie
has been discussed to be responsible for the modificatio
the SiO2 network resulting in SPEG ofa-quartz.20,22 How-



tr
e
r

-
t
o

m

s
th
it

ve
he
ac

ra
ol

c
b

rk

e
o
n

45

o
ch
i-

rn
n

red
y-
d
ase
tal-
r-
ds

of

e-

ra-

m-

ized
tial
lts
nc-

n
the

ors-
der
D.

on
ep-

e F.
hl-
en

ss

PRB 61 3331OXYGEN-ACTIVATED EPITAXIA L . . .
ever, our data do not show evidence for the stoichiome
formation of alkali oxides, as they show a much strong
incorporation of18O ~about two orders of magnitude highe
oxygen than the alkali concentration! accompanied by one
to-one exchange with16O and by SPEG. It is plausible tha
at 600 °C the dissociation of defect complexes consisting
radiation damage, alkali, and oxygen and the increasing
bilities of these constituents lead to SPEG.

In the annealing of Cs-implanteda-quartz, SPEG starts
when the diffusing alkali atoms reach thec/a interface act-
ing as nucleation centers for the planar regrowth. Since C
not soluble in the crystalline network, it is driven, along wi
the movingc/a interface, towards the surface from where
evaporates. An activation energy of 2.8360.20 eV has been
obtained for the recrystallization.20 In the Li-implanted
samples no planar movement of the interface was obser
probably due to the fast outdiffusion. An interpretation of t
RBS-C data could be that epitaxial regrowth takes pl
along columns and a large amount of damage remains.

In the Cs-implanted samples annealed in air, the mig
tion of Cs was concluded to be governed by the Cs diss
tion and distribution in SiO2, Cs reflection at thec/a front,
and evaporation from the surface. From the Cs loss an a
vation energy for this complex process was estimated to
0.9860.01 eV.20 The Cs loss observed in the current wo
yields an activation energy of 1.260.4 eV. The similar val-
ues ~as well as the similar concentration profiles! indicate
that the higher oxygen content in the annealing atmosph
did not enhance the Cs migration. The migration of Li is n
connected to thec/a front and the loss is much faster tha
that of Cs, resulting in an activation energy of 0.
60.09 eV.

The lower recrystallization temperatures in the case
alkali implantation than in implantation of other atoms, su
as self-ions and Xe, can be explained by the fact that S
bonds ~having the bond energy of 4.57 eV, Ref. 40! are
weakened by the presence of alkali atoms, providing alte
tive bonds for oxygen atoms. The bond energies for Li-O a
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Cs-O are 3.46 and 3.07 eV, respectively.41 The lower recrys-
tallization temperature of Li-implanted samples as compa
to Cs, is attributed to the higher attraction of Li by the ox
gen tetrahedral corners.42 The weakening of the Si-O bon
defines the flexibility of the tetrahedron leading to decre
of the viscosity of the structure and increase of the recrys
lization rate.43 The 18O/16O exchange exchange rate is inte
preted to qualitatively reflect the number of the Si-O bon
weakened by the mobile alkali atoms.

In conclusion, we have studied epitaxial regrowth
alkali-ion-irradiated, amorphizeda-quartz. RBS-C was used
to monitor the recrystallization of the implanted region. R
crystallization was completed after 700 °C~Li ! or
870 °C ~Cs! 18O annealing of the samples. The concent
tion profiles of the implanted Li and of16O and 18O, ob-
tained in the TOF-ERDA measurements, and of the i
planted Cs obtained via RBS, indicate a dramatic18O/16O
exchange between the annealing gas and the amorph
SiO2 layer, a loss of the implanted alkali atoms, and par
~Li ! or full ~Cs! SPEG of the damaged region. These resu
demonstrate that mobile alkali weakens Si-O bonds, enha
ing the flexibility of @SiO4#-tetrahedral units and migratio
of oxygen. Oxygen is trapped at the lattice sites during
recrystallization ofa-quartz.
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