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Positron annihilation spectroscopy~PAS! is used to study Si-rich SiO2 samples prepared by
implantation of Si~160 keV! ions at doses in the range 331016–331017 cm22 and subsequent
thermal annealing at high temperature~up to 1100 °C!. Samples implanted at doses higher than 5
31016 cm22 and annealed above 1000 °C showed a PAS spectrum with an annihilation peak
broader than the unimplanted sample. We discuss how these results are related to the process of
silicon precipitation inside SiO2. © 1997 American Institute of Physics.
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The study of silicon-rich SiO2 ~SiOx) has been the mat
ter of several papers. Different models have been propose
describe this structure: a random-bonding model in wh
Si-Si and Si-O bonding are randomly distributed;1 a random-
mixture model for which tetrahedral units are group
together;2 finally, a shell model in which silicon clusters ar
embedded in stoichiometric SiO2.

3 Each of these model
gives a correct picture for a different degree of silicon e
cess. Apart from these fundamental questions, Si precip
tion in Si-rich SiO2 has been used to produce Si nanocrys
~Sinc) inside a dielectric matrix which can give visible lum
nescence at room temperature.4–6

In this study we examined annealing behavior of Si-r
SiO2 using positron annihilation spectroscopy~PAS!. This
technique is based on the fact that positrons, when impla
at a given energy, thermalize and diffuse inside the medi
and finally annihilate with electrons. Gamma-rays emit
after the annihilation carry information about the annihilati
site. In a Doppler broadening measurement this informa
is extracted by analyzing the broadening of the 511 k
annihilation peak, due to the non-zero momentum
electrons.8 The availability of variable energy positro
beams allow non-destructive depth-profiling of materials8,9

The technique has been extensively used to study the
SiO2 system~for a review see Ref. 9!.

Samples were prepared by implanting 160 keV28Si1

ions into 430 nm thick SiO2 layers thermally grown on a
~100! orientedp-type Si substrate kept at room temperatu
during implantation. Fluences ranged from 331016 cm22 to
331017 cm22, the ion current density was 0.3mA/cm2. For a
SiO2 layer on a silicon substrate, the Si-SiO2 interface rep-
resents a preferential site for trapping positrons. This gi
rise to a typical Doppler broadening signal with a
S-parameter lower than that of Si and SiO2.

10 The effect is
particularly important when low implantation doses are co

a!Present address: CORECOM, via Ampere 30, 20131 Milano, Italy.
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sidered. In order to discriminate effects related to Si io
implantation from the original Si-SiO2 interface signal, a sec
ond set of samples, obtained by implanting in fused qua
Suprasil substrate was considered. Suprasil samples wer
planted at doses from 531016 cm22 to 1.531017 cm22.

Positron annihilation spectroscopy measurements w
performed in an ultrahigh vacuum chamber (,1027 Torr!
using a variable energy positron beam. In each measurem
106 counts were accumulated. The Doppler broadening of
511 keV annihilation line was measured with a HPG
detector based gamma spectroscopy system. The broade
was characterized using the line shape parameter~S-
parameter!, defined as the area of a fixed region ('1.59 keV
wide! in the center of the annihilation peak divided by th
total area of the peak.8 The sharpness of the annihilatio
peak is related to theS-parameter, namely sharper peak pr
duces a higherS-value. In order to compare differentS-E
spectra, it is customary to divide measuredS-parameter by
that of a reference sample measured under the same ex
mental conditions. Ap-type high resistivity Si sample wa
taken as a reference.

Suprasil samples were annealed in a vacuum furn
('1026 Torr!. Thermal SiO2 layers on Si samples were an
nealedin situup to 700 °C with a resistively heated tantalu
foil, at 1027 Torr. Above 700 °C, annealing was performe
in N2 atmosphere. Annealing time was 30 min.

Figure 1 shows theS-parameter values as a function
the positron implantation energyE ~S vs E! for Suprasil
samples implanted at different fluences. The upper absc
represents the mean positron implantation depthz calculated
according to the relation:z5AEn/r, where, in case of
SiO2, r52.33 g/cm3, n51.6, andA54.0mg cm22 keV2n.9

TheS-parameter versus implantation energy curve for un
planted sample is also reported. The lowS-value observed a
the surface for this sample is related to positrons implan
at non-zero energy, diffusing back to the surface and ann
lating there. When the implantation energy increas
/97/70(4)/496/3/$10.00 © 1997 American Institute of Physics
to¬AIP¬license¬or¬copyright,¬see¬http://apl.aip.org/apl/copyright.jsp
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S-parameter for the unimplanted sample approaches
value. For an energy of 2 keV~mean depth 50 nm!,
S-parameter is 0.6% lower than bulk value. In order to av
any surface effect only regions deeper than 50 nm will
considered in the discussion of implanted samples.

The profile of implanted Si ions as calculated by TRI
code11 ~see insert in Fig. 1!, identifies the region where
SiO2 is enriched. In the case of implanted samples, comp
son of S vs E curves with TRIM profile shows tha
S-parameter is maximum for mean positron implantat
depth close to the range of Si ions. Using VEPFIT code12 we
obtained that, for a positron energy of 5 keV and a diffus
length of 10 nm~typical value for SiO2), 72% of the im-
planted positrons annihilate at a depth ranging from 140
to 330 nm, i.e., in the Si-rich region. Therefore theS value at
5 keV can conveniently describe the behavior of the Si-r
region.

In Fig. 2,S-parameter values forE55 keV as a function

FIG. 1. NormalizedS-parameter vs positron implantation energy for fus
quartz samples implanted at 531016, 1 31017, and 1.531017 cm22 flu-
ences, respectively. TheS value for unimplanted sample is also reporte
The insert shows the implantation profile for 160 keV Si ions as calcula
by TRIM code.

FIG. 2. NormalizedS-value at 5 keV~corresponding to a mean implantatio
depth of 225 nm! as a function of the annealing temperature for Supra
samples implanted at 53 1016 cm22 and 131017 cm22. The unimplanted
level is also presented~dashed line!.
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of annealing temperature are reported for samples impla
at 531016 cm22 and 13 1017 cm22, respectively. In the tem-
perature interval from 100 °C to 300 °C theS-parameter in-
creases to values close to 1~the reference siliconS value!
and it remains constant up to 800 °C. A decrease is obse
only after annealing at 900 °C. Further annealing at 1100
shows a larger reduction: while for sample implanted
531016 cm22 the unimplantedS value is restored, for
sample implanted at 13 1017 cm22 fluence theS-parameter
goes below this limit.

This behavior could be related to defects produced d
ing implantation with Si atoms. Different kind of defects ca
be produced in SiO2 by implantation:13 E8 centers, non-
bridging-oxygen hole centers~NBOHC!, and peroxy radi-
cals. In a PAS Doppler broadening spectrum NBOHC g
rise to a lowS-value and they are not stable above 300 °C14

Peroxy radicals are typical of oxygen-rich samples. In a
rich region E8 defects are more probably produced.15,16

However, they are positively charged and therefore they c
not trap positrons efficiently. A highS-value can be related
to positronium (Ps) formation inside voids. In this case io
implantation should decreasePs formation by producing
smaller defects and reducing free spaces.17 ThereforeS value
in as-implanted samples should decrease as a function o
dose.

Assuming that the highS-parameter and its observe
annealing behavior are related to defects, we would exp
thatS decreases to the unimplanted value after annealin
1100 °C ~the level reported in Fig. 2 refers to unimplante
sample annealed at 1100 °C!. This is observed in the sampl
implanted at 531016 cm22 but not at 13 1017 cm22, whereS
decreases below the unimplanted value. The previous a
ments exclude that the decrease inS after annealing at
1100 °C is related to defect recovery. The region of inter
corresponds to a Si-rich zone. We propose that the h
S-parameter is related to the presence of Si-atoms in a c
centration higher than that of stoichiometric SiO2. The first
annealing stage observed around 300 °C could be due to
covery of defects, likeE8, typical of a Si-rich SiO2. It is
known that these defects anneal out in this tempera
range.18,19

When heated at high temperature, ordering processes
take place in amorphous SiO2, as already observed usin
PAS.20,21 However such a phenomena are effective abo
1200 °C22 or, around 900–1000 °C, for very long annealin
time ~48 h in Ref. 21!. The experimental conditions to ob
serve ordering in SiO2 are therefore different from thos
adopted in the present case. MoreoverS-value for unim-
planted sample reported in Fig. 2 refers to a sample anne
under the same conditions than implanted ones.S-value in
this case is higher than for non-annealed sample, whe
S-parameter is expected to decrease when ordering proce
or crystalline phases are present.20 Our results agree with
data presented by Shimuraet al.23 who observed crystalline
phases in as-grown thermal SiO2 layers, but no changes afte
annealing for 1 h at 950 °C.Therefore another kind of struc
tural changes are responsible forS-value decrease in im
planted samples after annealing at high temperature.

Above 1000 °C SiOx dissociates according to th
reaction:24,25 SiOx→Si1SiO2, therefore the Si excess pre
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cipitates. Nesbit26 studied Si-rich SiO2 samples having dif-
ferent silicon supersaturation. After annealing at tempe
tures higher than 900 °C he observed the formation ofnc
with diameters of 1–10 nm depending on annealing tim
temperature, and degree of supersaturation. In thermal o
layers implanted at 23 1017 cm22 and annealed at 1000 °C
Sinc with dimensions of 3-5 nm were detected using tra
mission electron microscopy.6,7 A signature of the presenc
of Sinc inside SiO2 is also the observation of a photolumine
cence~PL! emission centered at around 780 nm.4–7 PL spec-
tra for samples studied in this work were report
elsewhere.27 The point of interest here is that only for flu
ences higher than 131017cm22 a PL emission at 780 nm i
observed, thus supporting the idea that Sinc are formed.

The previous arguments lead to relate the observed
S-value after annealing at 1100 °C with Si precipitation
side SiO2. This picture is consistent with a shell model f
SiOx .

3

Figure 3 showsS vsE curves for SiO2 layers implanted
at fluences ranging from 331016 to 331017 cm22 after an-
nealing at 1000 °C. Only the Si-rich region is changing
the dose is increased, and we observe a monotonic dec
of S for increasing implantation dose.

We can discuss now which center can act as annihila
site for positrons. We will base our discussion on the f
that: ~1! the signal is related to Sinc formation, ~2! the
S-value is lower than the unimplanted oxide, and~3! this
reduction has a monotonic dependence on dose~see Fig. 2
and Fig. 3!. The only reported lowS-value for the Si-
SiO2system is observed for positrons trapped at the interf
and annihilating there.10 In our case positrons might b
trapped at the interface between Sinc and SiO2 matrix. Posi-
tron diffusion in crystalline silicon is high~200 nm!. Because
of the small size of Sinc, most of the positrons will diffuse to
the interface region before annihilation. At this interface p
itrons can be trapped with the same mechanism effective

FIG. 3. NormalizedS vs energy curves for SiO2 layers on Si implanted at
different doses~331016 cm22–331017 cm22) and subsequently annealed
1000 °C.
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the Si-SiO2 interface. This assumption is also consistent w
the dose dependence, since for increasing doses the Sinc vol-
ume fraction increases. Hence the ‘‘effective’’ interface a
so the fraction of implanted positrons annihilating there
crease.

In conclusion silicon-implanted fused quartz and therm
SiO2 layers have been studied using positron annihilat
spectroscopy. After annealing at 1100 °C, samples implan
at 531016 cm22 showed no difference inS-parameter re-
spect to unimplanted samples. Samples implanted at a
higher than 531016 cm22 presentS-parameter lower than
unimplanted value. This difference is related to silicon p
cipitation in SiOx .
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