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Local structure of Sn implanted in thin SiO2 films
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The formation and the structural properties of Sn nanocrystals produced by ion implantation in thin SiO2

films was investigated by119Sn conversion electron Mo¨ssbauer spectroscopy~CEMS!, x-ray absorption spec-
troscopy~XAS!, and transmission electron microscopy~TEM!. Sn ion implantation was performed at 80 keV
with a fluence of 131016 cm22, positioning the peak of the implantation profile in the middle of the SiO2. The
annealing treatments were performed in the temperature range 800–1100 °C by rapid thermal processing.
CEMS and XAS provided unique information on the local atomic and electronic environment of Sn in SiO2

allowing a detailed investigation of the effect of different annealing conditions. In the as-implanted state all Sn
ions are oxidized~with both Sn21 and Sn41 oxidation states present!, while annealing induces the formation of
b-Sn nanoclusters. TEM showed that cluster sizes are in the range 7–17 nm. For clusters with average
diameter,10 nm, XAS detected a reduction in coordination number and interatomic distances. Both XAS and
CEMS indicate an increase in the static disorder in the metallic clusters. The investigated annealing treatments
do not lead to a complete precipitation of Sn atoms in the metallic phase, leaving a fraction of them oxidized.

DOI: 10.1103/PhysRevB.68.205419 PACS number~s!: 61.46.1w, 61.10.Ht, 61.18.Fs, 61.72.Ww
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I. INTRODUCTION

Metallic and semiconducting nanocrystals embedded
dielectric materials are attracting great interest due to t
novel electrical and optical properties. In fact, single-elect
effects,1,2 new luminescence properties, and large opti
nonlinearities have been reported.3 Moreover, memory de-
vices using nanocrystals as charge storage elements, l
emitting diodes, and single-electron transistors based
metallic or semiconducting nanoparticles have be
demonstrated.4–7 Sn nanocrystals formed in SiO2 by ion
implantation are studied for their optical and electrical pro
erties. Takedaet al. demonstrated that microcrystallit
glasses doped by Sn1 ion implantation show nonlinear opti
cal properties.8 Recently, the low-energy ion-beam synthe
of Sn nanoclusters in SiO2 layers has been demonstrated a
single-electron effects have been observed at
temperatures.9,10 In addition, the application of Sn nanoclu
ters as charge storage elements in memory devices has
proposed. The advantages of using metal nanocrystals
stead of the semiconductor ones, for memory applicatio
are the higher density of states around the Fermi leve
more uniform charging characteristics, and a higher deg
of scalability of the system.11,12

In this work Sn nanoclusters were synthesized in t
SiO2 films (,100 nm) by ion implantation followed by dif
ferent thermal treatments. This method, which is compat
with present silicon technology, may allow the control
size, density, and depth distribution of nanocrystals by va
0163-1829/2003/68~20!/205419~10!/$20.00 68 2054
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ing implantation energy, implantation fluence, and annea
conditions. Ion implantation is used to create a supers
rated solid solution of the implanted species in the ne
surface region of the matrix. Annealing is then used both
recover the implantation damage and to obtain a therm
activated and controlled redistribution of the implanted io
by phase separation. Depending mainly on the mobility a
solubility of the impurity atoms, precipitation occurs eith
during the implantation stage or during a subsequent ann
ing step. The ion implantation process and the followi
thermal treatments involve different physical and chemi
processes, such as the diffusion of the implanted species
the precipitation and chemical reactions between the c
stituents of the matrix and the species diffusing from t
annealing atmosphere. A deep physical understanding of
precipitate formation and growth in ion implanted materia
is a prerequisite for an appropriate control of the nanocry
fabrication.

Conversion electron Mo¨ssbauer spectroscopy~CEMS! is
a very powerful tool to investigate the structural and dynam
cal properties of a solid at the atomic scale. Combined m
surements of the hyperfine interactions and of the recoil-f
fraction provide information, often not attainable by oth
methods, on the local symmetry, chemical bonding, and
namical properties of the probing nucleus. The measured
rameters are the isomer shiftd ~which is sensitive to the
valence states, bond angles, and atomic interdistances!, the
quadrupole splittingD which depends on the symmetry o
the charges surrounding the probe nucleus, the fractio
©2003 The American Physical Society19-1



in

e
fo

e
o
m
di
or
ye

th

th
he
n
o
rs

e
-
e

f
t

f t
th

se

ot
m
i
n
r
m
p

r

to

of
s
and

ion
the

ples
1

f-
ter-

he
in
ro-
al-

oom

tion
n a

of
lear

ity
e

in
oni-
ing
e
e

are
he

eal

S. SPIGAet al. PHYSICAL REVIEW B 68, 205419 ~2003!
spectral intensityF, and the recoil-free fractionf . The recoil-
free fractionf, ~Ref. 13! is given by

f 5e2k2^x2&, ~1!

wherek is the incidentg-ray wave vector and̂x2& the av-
erage square displacement of the emitting or absorb
nucleus.

X-ray-absorption spectroscopy~XAS! with synchrotron
radiation is also a very powerful tool for the study of th
local structure of condensed matter. It is of particular use
the investigation of nanometer-sized clusters since, du
the local nature of the fine-structure effect, the variation
the local structure of a cluster can be easily followed fro
the dimer molecule to the formation of an extended perio
solid.14–16 Using XAS, size-dependent changes in the co
dination numbers, in the bond lengths, and in the Deb
Waller factor have been detected and studied.17–21Moreover,
and for the same reasons, XAS is well suited to probe
local structure of implanted atoms.22,23 By analyzing the
x-ray appearance near-edge structure~XANES! and the ex-
tended x-ray-absorption fine structure~EXAFS! of the ab-
sorption coefficient it is possible to determine whether
implanted atoms are dispersed in the matrix or whether t
aggregate to form clusters, and to follow changes as a fu
tion of implantation and annealing conditions. Analysis
the EXAFS yields a quantitative determination in the fi
few coordination shells of the coordination number~CN!, the
mean interatomic distanceR, and the mean-square relativ
displacements i j

2 ~MSRD, also known as the EXAFS Debye
Waller factor!. For a single-scattering contribution to th
EXAFS signal involving atomsi andj, the latter quantity24,25

is

s i j
2 5^@~uW i2uW j !• r̂ i j #

2&, ~2!

where^& denotes a configurational average,uW i is the instan-
taneous displacement of atomi from its equilibrium position,
and r̂ i j is the unit vector joining the equilibrium positions o
atomsi andj. We note thatf ands2 are related quantities, bu
the former depends only on the average displacement o
single resonating nucleus while the latter depends on
relative displacement of two atoms; moreover, increa
thermal or static disorder leads to opposite variations inf and
s2 ~the first decreases, the second increases!.

In this paper a combined use of the peculiarities of b
XAS and CEMS is made in order to provide a rather co
plete picture of the local atomic environment of Sn atoms
thin SiO2 films, either after ion implantation or as a functio
of different annealing treatments. Additional structural info
mation is obtained by Rutherford backscattering spectro
etry ~RBS!, cross-sectional transmission electron microsco
~XTEM!, and high-resolution TEM~HREM!.

II. EXPERIMENTAL METHODS

SiO2 films, 85 nm thick, thermally grown on 39 ~100!
p-type silicon substrates, were implanted at room tempe
ture by 80 keV/131016 cm22 119Sn1 ions for CEMS inves-
tigations. The mass separator of the implanter was set
20541
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mass 119 amu, but due to the low relative abundance
119Sn isotope~8.6%! in the ion source and the limited mas
resolution, an isotopically pure beam cannot be achieved
contributions of the neighboring isotopes118Sn and120Sn are
present. Therefore the final relative abundance of119Sn in
the samples was determined by time-of-flight secondary
mass spectrometry and found to be equal to 80% of
nominal fluence. The implantation area was 1 cm2 for all
samples. For XAS measurements a second set of sam
was prepared in the same conditions by implanting
31016 cm22 Sn1 ions with a natural abundance of the di
ferent isotopes. The implantation parameters were de
mined by TRIM simulation.26 The Sn peak position of the
implantation profile was chosen to be in the middle of t
SiO2 layer. Post-implantation annealings were performed
the temperature range 800–1100 °C by rapid thermal p
cessing in a N2 atmosphere. Table I summarizes the anne
ing conditions for the samples analyzed by CEMS (C1 –C5)
and XAS (X1 –X4).

The CEMS measurements have been performed at r
temperature using a 15 mCi119mSn source in a CaSnO3 ma-
trix which was moved by a standard constant accelera
drive. The samples were incorporated as electrodes i
parallel-plate avalanche detector.27 The isomer shifts are
given relative to CaSnO3. 119Sn CEMS with this detector
type is characterized by a high efficiency for the detection
conversion and Auger electrons emitted after the nuc
resonance absorption of the 24-keV Mo¨ssbauerg radiation
by the 119Sn nuclei in the samples. The integrated sensitiv
to a depth of'1 mm is determined by the range of th
conversion electrons in the samples.

XAS measurements were performed at the GILDA~BM8!
beamline of the European Synchrotron Radiation Facility
Grenoble, France. The Sn absorption coefficient was m
tored in the fluorescence mode by using a sagitally focus
Si~311! monochromator28 and a 13-element hyperpure G
detector with fast digital electronics, using a peaking tim
equal to 1ms. The XAS measurements on these samples
particularly challenging due to the low concentration of t

TABLE I. Analyzed samples: annealing treatments and ar
density determined by RBS.

Sample Thermal treatments RBS areal density
(N2) (31015 cm22)

CEMS
C1 As implanted 9.7~3!

C2 900 °C, 30 s 9.9~3!

C3 900 °C, 120 s 9.8~3!

C4 900 °C, 600 s 7.8~2!

C5 1100 °C, 30 s 7.9~2!

XAS
X1 As implanted 9.7~3!

X2 800 °C, 120 s 9.6~3!

X3 900 °C, 30 s 10.0~3!

X4 900 °C, 120 s 10.0~3!
9-2
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LOCAL STRUCTURE OF Sn IMPLANTED IN THIN . . . PHYSICAL REVIEW B68, 205419 ~2003!
Sn atoms~with respect to the XAS detection limit! and to the
fact that they are embedded in a SiO2 matrix on a silicon
substrate. The low concentration causes a weak signal w
the low atomic number of matrix and substrate gives rise
strong Compton scattering, which results in an unwan
background when monitoring the fluorescence signal. Ty
cally, the total number of photons reaching each dete
element was approximately 104 per second while those fall
ing within the region of interest to count the fluorescen
intensity was of the order of 103 per second. In order to
reduce spectral distortions due to the excitation of Bra
peaks in the substrate and to reduce the thermal dampin
the signal, samples were mounted on a vibrating and liqu
nitrogen-cooled holder.29,30 Powder samples of SnO an
SnO2 and ab-Sn foil were measured in the transmissi
mode as references.

The RBS measurements were performed at the Ros
dorf 2 MV Van de Graaff accelerator with 1.2-MeV He1

ions. The detection angle was 170°. In order to improve
depth resolution a glancing geometry was chosen with an
between the beam and the normal to the sample of 50
70°, respectively, corresponding to exit angles of 30° or 1
with respect to the surface.

TEM analyses were performed by using a Philips CM3
microscope~with line resolution of 0.14 nm! operating at
300 keV. The samples were prepared with the standard
ishing, dimpling, and ion-milling procedure. Special ca
was taken during the measurements in order to keep
beam intensity low enough to minimize the e-beam irrad
tion effects on the specimens. The crystallinity of the clust
was studied by HREM.

III. EXPERIMENTAL RESULTS

A. RBS

RBS was used to study the Sn redistribution during
nealing and to measure the retained areal density of Sn.
areal density in the as-implanted samplesX1 and C1 was
found to be equal, within the experimental error, with t
target value of 131016 cm22. This value was not altered
after a rapid thermal annealing at 800 °C for 120 s and
900 °C for 30 s and 120 s. In contrast, a release of about 2
of Sn from the SiO2 layer was detected after an annealing
900 °C for 600 s and at 1100 °C for 30 s. The measured a
densities are summarized in Table I.

B. CEMS

The CEMS spectra of the as-implanted sample C1 an
the samples annealed at 900 °C (C2,C3,C4) and 1100 °C
(C5) are shown in Fig. 1. The spectra were fitted with t
least-squares-fittingNORMOS-90program.31 The values of the
fitting parameters, isomer shiftd, quadrupole interactionD,
linewidth G, fractional spectral intensity F~in %), as well as
the value of the resonant effecte are collected in Table II for
each sample.

The CEMS spectrum of the as-implanted sampleC1
could be fitted satisfactorily with three quadrupole double
each of them with different hyperfine parametersD andd as
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shown in Fig. 1. Approximately 80% of the spectral intens
F is due to the componentsa andb, related to Sn atom in the
oxidation state 21, while the third doubletc is due to Sn
atoms in the oxidation state 41. The two oxidation states ar
easily distinguishable having different hyperfine paramete
CEMS spectra of the annealed samples were again fitted
these three componentsa, b, c and with an additional com-
ponentd, related tob-Sn. In the sampleC2 the componentd

FIG. 1. CEMS spectra of samplesC1 –C5. Dots: experimental
data. Continuous thick lines: fit. The spectra were fitted with fo
componentsa–d, as shown by the CEMS subspectra reported w
thin continuous lines.
9-3
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is very weak. The signal in the CEMS spectra related to
electronic configuration Sn21 was fitted consistently for al
samples with two distinct componentsa andb characterized
by different quadrupole splittings and isomer shifts. It sho
be noted that a fitting with only one quadrupole doubl
related to Sn21, leads to a higherx-squared and to large
values of the linewidth@G51.18(1) mm s21#. The asymme-
try observed in samplesC2-C3-C4, where the higher-
velocity ~higher-energy! component in the CEMS spectra
more intense, can be easily explained with the presenc
two doublets (a andb) related to the presence of two diffe
ent Sn21 local configurations. Other effects, such as text
or vibrational anisotropy~Goldanskii-Karyagin effect32–34!
leading to an asymmetry in the CEMS spectra, would im
the presence of SnO crystallites which, on the basis of
different experimental data, can be excluded~see Sec. IV!.
As discussed later~Sec. IV A!, the observation of two dou
blets in the SnO-SiO2 system is quite common and not su
prising due to the disordered structure. However, sev
models have been put forward to explain the nature of
two quadrupole doublets.

Taking into account the fractional spectral intensityF as
determined by the fit, the Sn21 phase~componentsa1b) is

TABLE II. Hyperfine parameters determined by the fitting
CEMS spectra for componetsa–d: isomer shiftd ~mm/s!, quadru-
pole interactionD ~mm/s!, linewidth G ~mm/s!, fractional spectral
intensityF ~in %). Recoil-free fractionf b-Sn* for the b-Sn phase as
determined by our model.

a b c d
Sample Parameters Sn21(1) Sn21(2) Sn41 b-Sn

C1 d 2.80~6! 3.21 0.07~2!

e50.60(9) D 2.41~3! 2.30~2! 0.89~3!

G 1.0~2! 1.04~5! 1.04~5!

F 26~10! 52~10! 21.7~8!

f b-Sn*
C2 d 2.93~2! 3.1 20.10 2.55
e50.41(3) D 2.25~3! 2.0 0.7 0.3

G 0.92~3! 0.85 0.85 0.85
F 38~4! 54~4! 7.3~5! 0.5~5!

f b-Sn* 0.003~3!

C3 d 2.93~1! 3.1 20.13(3) 2.55
e50.42(3) D 2.30~2! 2.0 0.55 0.30

G 0.86~3! 0.85 0.85 0.85
F 38~3! 46~3! 11.5~4! 4.0~6!

f b-Sn* 0.022~8!

C4 d 2.97~8! 3.1 20.11(3) 2.55
e50.27(1) D 2.30 2.0 0.61~6! 0.30

G 0.85 0.85 0.85 0.85
F 51~3! 32~3! 12.7~6! 4.0~7!

f b-Sn* 0.022~8!

C5 d 2.93~2! 3.10 20.12(5) 2.48~2!

e50.22(1) D 2.37~4! 2.00 0.7 0.30
G 0.85~5! 0.85 1.0~2! 0.85
F 43~5! 27~5! 12.1~7! 19~1!

f b-Sn* 0.034~5!
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the predominant one. Moreover, increasing the annea
temperature or the annealing time, the spectral intensity
the componenta ~with lower d) increases, while that of the
componentb ~with higher d) decreases. Theb-Sn phase,
which is not present in the as-implanted sample, grows a
annealing and the related spectral intensity increases
temperature and annealing time.

We observed also a reduction of the resonant effecte in
all annealed samples with respect to the as-implanted
This reduction is more pronounced for the samplesC4 and
C5, for which e is about one-third of that observed i
sampleC1. A change of the resonant effecte,

e}(
i

nAi f Ai , ~3!

in the different samples is related to a variation of a to
number of resonant atoms, and/or to a variation of the re
tive number of resonant atomsnAi for each componentAi
and/or to a variation of the corresponding recoil-free fract
factorsf Ai . Normalizing the experimental CEMS data to th
total number of resonant Sn atoms present in the samples
using the known values from the literature for thef Ai factors
at 300 K (f b-Sn50.04, f Sn2150.2, f Sn4150.5),13,35,36it was
not possible to explain consistently the decrease in the r
nant effect for any of the annealed samples, according to
~3!. It should be pointed out that thef values are those known
for the bulk compounds, which may be different in our sy
tem. In particular, while for Sn21 and Sn41 we used thef
values reported in the literature for amorphous compound
a system similar to ours,35 in the case ofb-Sn we used the
value known for the crystalline bulkb-Sn36 which may be
different for nanoparticles.37

In order to estimate thef b-Sn factor at 300 K in our
samples we made a simple model based on the values o
resonant effects and on RBS results. We assumed also th
our samples thef factor for the oxidized phase are equal
those reported in the literature, while thef b-Sn varies with
respect to the bulk value, due to the formation of meta
nanoparticles. RBS measurements showed that in sam
C2 andC3 the measured areal density is constant~Table I!.
Since the geometrical dimensions of the samples are also
same, we conclude that total number of resonant atoms is
same for the two samples. Taking into account the redis
bution of Sn atoms in different components in sampleC3
with respect to sampleC2, we calculatef b-Sn ~in the follow-
ing called f b-Sn* ) from Eq. ~3!. We found f b-Sn* equal to
0.003~3! in sample C2 and 0.022~8! in sample C3. In
samplesC4 andC5, RBS detected a reduction of the tot
Sn areal density. Therefore for these two samples we norm
ize the CEMS data to the total number of resonant Sn ato
and we assumed again only a change in thef b-Sn factor.
Within experimental error, thee reduction is consistent with
a f b-Sn* for the b-Sn phase of 0.022~8! for sampleC4 and
0.034~5! for sampleC5. The obtained values off b-Sn* are
summarized in Table II. Even if the errors for the values
f b-Sn* in the different samples are large, it is useful to co
pare them with thef b-Sn bulk value. This model will be
further discussed in connection with XAS and TEM resul
9-4



s
re

ar
u

m
e

e
la

ion
of
nO
tely

t 3

re

cil-

and

on

LOCAL STRUCTURE OF Sn IMPLANTED IN THIN . . . PHYSICAL REVIEW B68, 205419 ~2003!
Temperature-dependent measurements are also in progre
determine experimentally the Debye temperature and the
f factors for the different phases in our system.

C. XAS

Figure 2 shows XANES spectra for the three stand
compounds and the four samples. The pre-edge backgro
was subtracted using a linear fit and the spectra were nor
ized to 1 at an energy of 29 300 eV. The four samples hav
XANES spectrum which exhibits a clear ‘‘white line’’ featur
typical of oxide compounds and which bears a close simi

FIG. 2. XANES spectra of Sn implanted SiO2 films and refer-
ence compoundsb-Sn, SnO, and SnO2.
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ity to the spectrum of SnO. The absorption edge posit
~Table III! is close to that of SnO. The major difference
the XANES spectra of the samples with respect to the S
reference is the absence of the oscillation at approxima
29 240 eV. SnO2 in which Sn has a 41 oxidation state, ex-
hibits an absorption edge which is clearly shifted by abou
eV to higher energies compared to the samples.

To extract EXAFS oscillations, raw absorption data we
background subtracted using theAUTOBK routine.38 Figure 3
shows as the continuous thick lines the raw EXAFS os

FIG. 3. EXAFS spectra and fit for the reference compounds
the Sn implanted samplesX1 –X5. Continuous thick lines: raw EX-
AFS data; dot lines: filtered contribution of the first coordinati
shell; continuous thin lines: fit.
tomic
TABLE III. Absorption edge position and local strucutural parameters determined by EXAFS: intera
distancesR, measured coordination number CN, and mean-square relative displacements2.

Sample Edge position Sn R CN s2

~eV! neighbors ~Å! (Å 2)

Sn1 3.047~3! 4 0.0060~3!

b-Sn 29200~2! Sn2 3.196~4! 2 0.0037~3!

SnO 29201~2! O 2.230~1! 4 0.001~2!

SnO2 29204~2! O1 1.98~2! 2 0.0~1!

O2 2.05~2! 4 0.0~1!

X1 29199~2! O 2.00~1! 2.4~3! 0.008~2!

O 2.10~3! 2.9~6! 0.020~5!

X2 29199~2! Sn1 3.0~1! 0.3~5! 0.01~3!

Sn2 3.1~1! 0.1~2! 0.01~3!

O 2.08~2! 1.7~4! 0.004~4!

X3 29200~2! Sn1 2.96~3! 0.8~4! 0.001~6!

Sn2 3.12~3! 0.4~2! 0.001~6!

O 2.09~4! 2.1~7! 0.018~8!

X4 29200~2! Sn1 2.94~5! 0.8~7! 0.00~1!

Sn2 3.09~3! 0.4~2! 0.00~1!
9-5
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lations for the reference compound and the four Sn
planted samples. The corresponding magnitude of the F
rier transforms~FT! are shown in Fig. 4. All the sample
exhibit an EXAFS signal which is typical of a light eleme
backscatterer, such as oxygen; the peak at about 1.5 Å in
FT is related to the bonding of tin and oxygen atoms in
first coordination shell~we indicate these atomic correlation
as Sn-O!. With increasing annealing temperature and tim
higher frequency signal is apparent; this gives rise to a sig
at about 2.9 Å in the FT, in good coincidence with the s
nature of the first shell inb-Sn. This observation indicate
that sample annealing gives rise to the formation of Sn
atomic correlations.

EXAFS data were quantitatively analyzed with theFEFFIT

programs38 using theoretical phase signals generated byFEFF

8.0.39 The analysis was limited to the first coordination she
due to the limited signal-to-noise ratio of the EXAFS spec
~as explained in the introduction section!. Theoretical signals
were generated for the Sn EXAFS signal inb-Sn, SnO, and
SnO2, using the known crystallographic structures. The
theoretical signals were used in theFEFFIT routine to fit the
experimental signals while varying the local structu
parameters.

The spectra of the reference compounds were fitted firs
test the reliability of the theoretical signals. In this case
CN’s were fixed to the known values: forb-Sn the first shell
is split in two subshells with CN’s equal to 4 and 2, for Sn
there is a single subshell with CN’s equal to 4 and for Sn2
there are two subshells, again with CN’s equal to 4 and 2.
fits were performed inR space. Theb-Sn spectrum was fitted
in the range 1.9–3.25 Å using the FT performed in the ra
2.5–15 Å21 with a k2 weight. The oxide spectra were fitte

FIG. 4. Magnitude of the FT of the experimental EXAFS da
Dot line: data; continuous lines: fit.
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in the ranges 1.3–2.7 Å~for SnO! and 0.35–2 Å~for SnO2)
using the FT obtained in the range 2.5–9 Å21, with the
same weight. In all cases the fitting parameters were a c
mon shift of the energy scale, the interatomic distancesR,
and the mean-square relative displacementss2. Figure 3
shows the filtered contribution of the first shell~dot line!
along with its fit in k space~thin continuous line!, while in
Fig. 4 the comparison is performed inR space. The numeri-
cal values of the interatomic distances are reported in Ta
III; in all cases there is good agreement with the kno
values, with some deviations of the order of at most 0.03
for SnO2, presumably due to systematic errors in bac
ground removal, data analysis, and theoretical phase-
calculation.

The spectra of all the Sn implanted samples were fit
with a combination of a Sn-O signal at a single distance a
~except for sampleX1) of a Sn-Sn signal with a split coor
dination shell. The spectra were fitted in the ranges 0.25–
Å and 2.5–9.2 Å21. The fitting parameters were the same
the reference compounds with the addition of the CN’s
Sn-O and Sn-Sn atomic correlations. The result of the fit
illustrated in Figs. 3 and 4, while in Table III we report th
local structural parameters obtained. The error bars co
spond to the diagonal elements of the correlation matrix.

We note that the Sn-O interatomic distance is intermed
between those found in SnO and SnO2, while the Sn-Sn
distances are always contracted with respect to the bulk c
In samplesX3 andX4 ~annealed at 900 °C), in which th
Sn-Sn distances could be determined with a smaller error
contraction is approximately 0.1 Å. Since Sn is present b
in an oxide and in a metallic environment, and since
EXAFS signal is normalized to the total number of atom
~independent of their environment!, the experimentally deter
mined CN’s are not equal to the real CN’s in each of t
environments.

We consider a sample in which the excited atoms
present in two phases, withNa atoms in the phasea andNb
atoms in the phaseb; in each phase the excited atoms ha
a first shell CN equal, respectively, to CNr

a and CNr
b . The

relation between the measured CN of a given phase (Cg

with g5a or b) and the real CNr is ~for instance, for thea
phase!:

CNa5CNr
a Na

Na1Nb
. ~4!

In Table III the quantities reported are the measured
ordination numbers CNg. The measured Sn-O CN is alway
relatively low compared to the reference crystals and va
between roughly 2 and 3; the total Sn-Sn CN is also low a
reaches 1.2~8! in samplesX3 andX4. In order to calculate
the real CNr ’s it would be necessary to know the relativ
number of Sn atoms in each environment. This point will
further discussed in the following section where the inform
tion obtained from CEMS will be used to address this pro
lem.

.
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D. TEM

Figure 5 shows the XTEM images of the as-implant
sample~a! and of samples annealed at 800 °C for 30 s~b!,
900 °C for 30 s~c!, and 900 °C for 120 s~d!. In the as-
implanted sample there is no evidence of metallic nanoc
tals. The SiO2/Si interface is damaged and a contrast close
the middle of the oxide is visible. HREM images on th
sample~not shown! revealed the presence of small amo
phous clusters with diameters 1.5–2.5 nm.

After annealing at 800 °C@Fig. 5~b!#, an additional layer
of amorphous cluster~3–6 nm diameter! is formed close to
the surface. The contrast in the middle of the oxide in
TEM image is still present and related to a large concen
tion of Sn atoms, also agglomerated in small amorph
clusters (,2 nm diameter!.

After annealing at 900 °C@Figs. 5~c! and 5~d!#, the size
and number of the clusters increase with annealing ti
Even if most of the clusters are still found close to the Si2
surface, some clusters grow at the center of the oxide an
the SiO2 /Si interface~as confirmed by XTEM images in
different points of the sample!.

Figure 6 shows the XTEM image of sampleC5 annealed
at 1100 °C for 30 s, where a large number of metallic
clusters were formed in the SiO2 layer. Moreover, the bigge
clusters in all samples annealed at 900 °C and 1100 °C w
found to be crystalline. Most of the crystalline clusters im
aged by HREM@Figs. 5~e! and 5~f!# show distances betwee
the crystal planes of 2.9 Å. This value may be consist
with both b-Sn and SnO. However, it was also possible
image, in the same nanocrystal, crossing planes which a
an unambiguous identification withb-Sn. For instance, Fig
5~f! shows the HREM image of a nanocrystal in sampleX4.
The ~200! ~lattice spacing of 2.9 Å! and the~101! ~lattice
spacing of 2.77 Å! crossing planes with an angle of 90
between them identify ab-Sn nanocrystal. With increasin
annealing time or temperature the mean diameter of
nanocrystals increases from 7.4~6! nm (900 °C, 30 s! to
10.9~9! nm (900 °C, 120 s!, 15.2~4! nm (900 °C, 600 s!, and
16.9~7! nm (1100 °C, 30 s!.

FIG. 5. XTEM images of Sn as-implanted sample~a! and of
samples annealed at 800 °C~b! and 900 °C for 30 s~c! and 120 s
~d!. HREM images of crystallineb-Sn clusters related to the XTEM
images of Fig. 6~c! and 6~d! are reported, respectively, in~e! and
~f!.
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IV. DISCUSSION

A. Oxidized phase

In the as-implanted sample both CEMS and XAS revea
the presence of Sn atoms only in an oxidized state, in ag
ment with TEM analyses@Fig. 5~a!#. Only after annealing
there is a precipitation of a fraction of Sn atoms in a meta
phase.

The predominant valence state of the oxidized phase
determined for all samples by CEMS as Sn21 ~component
a1b) and attributed to SnO, while the smaller fraction in t
Sn41 form attributed to SnO2. The position of the edge an
the overall line shape of the XANES spectra reported in F
2 for the as-implanted and the annealed samples show
the predominant oxidation state of Sn atoms is 21 in agree-
ment with CEMS. However, the absence of the oscillation
approximately 29 240 eV, evident in the XANES spectrum
the SnO crystalline reference compound, suggests that
local structure is not that of the ordered SnO crystal, bu
considerably more disordered. Both XAS and CEMS
vealed a major disorder in the as-implanted samples, m
likely related to the ion implantation damage in the SiO2
films. Moreover, our results show that also after anneal
the local environment of the Sn atoms in the oxidized ph
is still different from that of a bulk SnO compound.

The quantitative analysis of XAS showed that in the a
implanted sample the Sn-O bond length is highly contrac
and the CN is reduced relative to the reference compo
SnO~Table III!. After annealing, XAS revealed a variation o
the Sn local atomic environment. The Sn-O bond leng
increase, but are still contracted with respect to the bulk v
ues; the CN’s are still low. This shows that Sn atoms in
oxidized phase are probably in nonstoichiometric coordi
tion. Our quantitative data on the Sn-O correlations~Table
III ! can be usefully compared to a recent report on the lo
structure of bulk tin silicate glasses obtained by neut
diffraction.40 The authors showed that in tin silicate glass
Sn is a network former and it is present mainly in a@SnO3#
triangular pyramid coordination, while a smaller amount is
a four-oxygen coordination in square pyramid@SnO4#. Both
configurations are related to Sn21. It was also shown that a
correlation exists between the Sn-O CN and the Sn-O in
atomic distances, which were reported in the range 2.1
2.13 Å for Sn-O CN’s of approximately 3. The bond leng
decreases to around 2.0 Å for CN of 2. The local structu
parameters determined by XAS in the as-implanted sam
@Sn-O interatomic distance of 2.00 Å and the CN of 2.4~3!#
are compatible with the cited correlation between CN a
interatomic distance. Upon annealing the Sn-O interato
distance increases to 2.08–2.10 Å. According to B
et al.,40 this distance indicates a CN of 3, in agrement w
our results.

The signal related to Sn21 in the CEMS spectra was fitte
with two distinct componentsa and b, suggesting that Sn
atoms with valence state 21 are present in two differen
local environments. The hyperfine parametersd andD found
for both components in the as-implanted and annea
samples are greater than those reported for bulk crysta
and amorphous SnO.41 Collins et al.41 observed thatd andD
9-7
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values increase in amorphous SnO with respect to the c
talline compound and they suggested that the local envi
ment of amorphous Sn21 can be described by a distorte
cell. Ourd andD values are even larger than those repor
by Collins et al. and closer to those found in float glass42

binary oxides SnO-SiO2,43 and ion implanted glasses.44 The
isomer shift is a measure of the electron density at the Mo¨ss-
bauer nuclei and it is approximately linearly related to t
number of 5s electrons on the tin atoms.45,46A larger value
of d is found in compounds with a more covalent bound. T
quadrupole splittingD is a measure of the distortion of th
local environment of the tin atoms from cubic symmetry a
the larger value of theD of Sn21 may be related to a chang
in the structure, e.g., the O-Sn-O angles or bond len
which decrease the point symmetry at the tin atoms. T
CEMS results obtained in this work can be also compa
with the work of Williamset al.43 who studied the SnO-SiO2
system with different tin concentration~from 17 to 70 SnO
mol % in SiO2) and found that bothD andd increase with
decreasing tin content. The large values of the Mo¨ssbauer
parameters determined in our work are consistent with
trend observed by Williams and co-workers, taking into a
count the low SnO molar concentration in our samp
(,1%). In addition, under specific annealing condition
these authors observed the presence of two distinct com
nents with different quadrupole splittings and isomer sh
for Sn21. They suggested that one of these compone
(d:2.8 mm/s andD:1.2–1.5 mm/s) could be related to cry
talline SnO, while the other one (d: 2.87–3.06 mm/s and
D: 2.15–2.58 mm/s) to Sn21 present in the SnSiO3 com-
pound or remaining in the glass phase.

In the following we will discuss more in detail the evolu
tion of the oxidized phase with annealing treatments. CE
showed that annealing leads to a decrease of the total spe
intensity related to the oxidized phase, due to the growth
the b-Sn phase. In particular, CEMS revealed a decreas
the spectral intensity related to componentsb (Sn21) andc
(Sn41); while the spectral intensity of componenta (Sn21)
increases with respect to the as-implanted state. Compar
the as-implanted samples, the value ofD decreases for both
componentsa andb, indicating a rearrangement of the loc
structure leading to a more symmetrical environment aro
the Sn atoms. The spectral intensity of the componenta in-
creases after annealing and the isomer shift is closer to
of amorphous SnO. This component can be related to
presence of small amorphous SnOx clusters. The hyphothesi
is based on TEM results, which revealed the presence
amorphous small clusters~2–3 nm! together with bigger
ones associated withb-Sn. The formation of small oxide
clusters in Sn ion implanted oxides has been also reporte
the literature.47 The componentb can be associated to S
dissolved in the matrix. Its spectral intensity decreases w
annealing indicating that a fraction of these atoms prec
tates intob-Sn nanoclusters, as confirmed also by XAS a
TEM.

Finally, the presence of a large amount of Sn atoms
remaining dissolved in the matrix even after annealing m
be due to the high solubility of the SnO oxide in SiO2. The
SnO-SiO2 system has been studied by different authors,40,48
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showing that SnO may be incorporated into SiO2 up to a
concentration of 60–70 wt %. The behavior of the SnO-Sn2
system with temperature is not fully understood; differe
chemical reactions may occur, such as the decompositio
SnO into SnO2 andb-Sn and the formation of the metastab
compound SnSiO3 which in turn decomposes at temperatu
higher than 700 °C into SnO2, b-Sn, and SiO2. The Sn im-
plantation in thin SiO2 films leads to a system not fully com
parable with the SnO-SiO2 system reported in the literature
Ion implantation forms a highly inhomogeneous Sn distrib
tion in the oxide~Gaussian distribution! and the in diffusion
of moisture from the annealing ambient may have a stro
influence on these thin SiO2 films.49 Nevertheless, our result
indicate that the behavior of Sn implanted in silicon dioxi
films during annealing may be described to a certain ex
taking into account the chemical reactions cited above.

B. Metallic phase

After annealing at 900 °C and 1100 °C, XAS and CEM
spectra showed the formation of the metallicb-Sn phase.
However, a certain fraction of Sn atoms still remains coor
nated with oxygen. We associate the metallic phase with
formation of b-Sn nanocrystals, as shown also by XTE
and HREM analyses~Figs. 5 and 6!. After the annealing at
800 °C for 30 s~sampleX2), XAS showed that most of the
Sn atoms are still predominantly coordinated with oxyge
even if the presence of Sn-Sn correlations cannot be d
nitely ruled out. In the same sample TEM images revea
the presence of few amorphous nanoclusters with diame
3–6 nm@Fig. 5~b!# and from TEM it is not possible to con
clude if they are metallic or not.

Quantitative determination of the interatomic distance
XAS showed a contraction of approximately 0.1 Å in th
metallic Sn nanoclusters, the dimensions of which are kno
from TEM to be less than 10 nm. The contraction of t
lattice parameter has been already observed in small part
and can be ascribed to the hydrostatic pressure due to
cluster surface stress and to that exerted by the matrix.
using the EXAFS technique, lattice contractions in partic
of dimensions below 5 nm of various elements such as A21

Ag,14,16 Cu,15,20 and rare gases17–19 have been reported. Th
value of the hydrostatic pressure acting on the particle can
derived from the lattice-parameter contraction; 26–58 kb
are reported for nanometric sized Cu clusters in amorph
silica,20 5–35 kbars for Xe clusters in crystalline Si,18 and
24–44 kbars for Ar clusters in crystalline Si and Al.17 Know-
ing the bulk modulus of Sn (BSn5580 kbars) and supposin
an isotropic strain of the particle~i.e., Da/a5Db/b
5Dc/c) we found pressures of 42616 kbars and 57

FIG. 6. XTEM image of sampleC5.
9-8
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69 kbars, respectively for the 900 °C 30 s and 900 °C, 1
s samples. These values are similar to the ones reporte
the quoted literature for other cluster systems. The ra
high value of the contraction in the bond lengths ('0.1 Å)
is therefore compatible with a reasonable value of the p
sure inside the cluster and this providesa posteriorisupport
for our experimental finding.

The Sn-Sn CN determined from XAS quantitative ana
sis is rather small~Table III!. Since the XAS signal is nor
malized to the total number of Sn atoms, we should calcu
the real CNr for the Sn-Sn and Sn-O correlations using E
~4!. To do this, we first calculate from CEMS data the p
centage of Sn atoms in the metallic~componentd) and oxide
environments~componentsa, b, c! using the f values re-
ported in the literature for the oxidized phase and thef b-Sn*
values determined by our model for the metallic nanop
ticles, as explained in Sec. III B. Therefore, from Eq.~4!, we
calculate that the real CNr for the metallic phase in sample
X3 andX4 is around 5. This value is slightly lower than th
one for bulk b-Sn ~CN56!, and qualitatively compatible
with the quoted reduction of coordination number observ
in nanoclusters. Moreover, the CN number for the Sn-O c
relation in annealed samples~as determined with the hypoth
esis f b-Sn5 f b-Sn* ) is found to be close to 3; the same val
obtained for the samplesX1 andX2 where the Sn-Sn corre
lations are not present. It should be pointed out that unr
istic values for the CN’s of the metallic phase were obtain
if the valuef bulk for theb-Sn phase was used. These resu
support the hypothesis of a reduction, in our samples, of
f value~at 300 K! for b-Sn nanoparticles with respect to th
bulk, as discussed in Sec. III B.

Finally, taking into account the TEM results, we foun
that there is a trend on the variation off b-Sn* with the nano-
crystal size~Fig. 7!. f b-Sn* is remarkably lower for the cluster
with dimension,10 nm with respect to the value of th
crystalline compound. Our results can be compared w
those reported by Koopset al.,37 indicating a significant re-
duction of the recoil-free fraction for metallicb-Sn nano-
clusters in SiO2. An increase in the MSRD has been prev
ously reported by XAS in Au nanoclusters,50 the origin of
which was shown to be precisely a modification of the vib
tional structure of the clusters. The determination of
MSRD in the present case unfortunately suffers from an
ror bar which is too high to be of any real use. Clearly
more thorough understanding of this issue would requir
detailed and temperature-dependent comparison off and
MSRD.
J
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V. CONCLUSIONS

CEMS and XAS measurements provided otherwise
available information on the evolution of the local enviro
ment, as a function of thermal treatments, of Sn atoms
planted in thin SiO2 films. Both techniques showed that S
atoms are present only in the oxidized phase in the
implanted samples. The predominant oxidation state w
identified as Sn21. The thermal treatments lead to the pr
cipitation of a fraction of Sn21 atoms intob-Sn nanoaggre-
gates. Sn atoms remain predominantly coordinated with o
gen for thermal treatments at 800 °C or 900 °C, while t
Sn-Sn metallic coordination is predominant after anneal
at 1100 °C. Theb-Sn phase, observed by CEMS and XA
is related to Sn crystalline clusters, in agreement with TE
analyses. XAS data show a reduced CN and a contractio
the interatomic distance of approximately 0.1 Å for clus
size below 10 nm. Preliminary CEMS results indicate a
duction of the recoil-free fraction for theb-Sn nanocrystals
with respect the known value for the bulk. The percentage
Sn atoms remaining coordinated with oxygen after annea
is due to atoms dissolved in the matrix~as SnO oxide with a
distorted cell! or in small precipitates of SnOx .
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FIG. 7. Recoil-free fractionf b-Sn* vs nanocrystal size.
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