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Local structure of Sn implanted in thin SiO, films
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The formation and the structural properties of Sn nanocrystals produced by ion implantation in thin SiO
films was investigated by*°Sn conversion electron Ksbauer spectroscofEMS), x-ray absorption spec-
troscopy(XAS), and transmission electron microscoffiEM). Sn ion implantation was performed at 80 keV
with a fluence of & 10'® cm™2, positioning the peak of the implantation profile in the middle of the,Sithe
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 SiO
allowing a detailed investigation of the effect of different annealing conditions. In the as-implanted state all Sn
ions are oxidizedwith both S+ and SA* oxidation states preséntvhile 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.
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[. INTRODUCTION ing implantation energy, implantation fluence, and annealing
conditions. lon implantation is used to create a supersatu-
Metallic and semiconducting nanocrystals embedded imated solid solution of the implanted species in the near-
dielectric materials are attracting great interest due to theisurface region of the matrix. Annealing is then used both to
novel electrical and optical properties. In fact, single-electrorrecover the implantation damage and to obtain a thermally
effects? new luminescence properties, and large opticakctivated and controlled redistribution of the implanted ions
nonlinearities have been reportédloreover, memory de- by phase separation. Depending mainly on the mobility and
vices using nanocrystals as charge storage elements, lighgelubility of the impurity atoms, precipitation occurs either
emitting diodes, and single-electron transistors based oduring the implantation stage or during a subsequent anneal-
metallic or semiconducting nanoparticles have beering step. The ion implantation process and the following
demonstratei=’ Sn nanocrystals formed in SjOby ion  thermal treatments involve different physical and chemical
implantation are studied for their optical and electrical prop-processes, such as the diffusion of the implanted species, and
erties. Takedaet al. demonstrated that microcrystallite the precipitation and chemical reactions between the con-
glasses doped by Srion implantation show nonlinear opti- stituents of the matrix and the species diffusing from the
cal propertie$. Recently, the low-energy ion-beam synthesisannealing atmosphere. A deep physical understanding of the
of Sn nanoclusters in SiQayers has been demonstrated andprecipitate formation and growth in ion implanted materials
single-electron effects have been observed at lows a prerequisite for an appropriate control of the nanocrystal
temperature$® In addition, the application of Sn nanoclus- fabrication.
ters as charge storage elements in memory devices has beenConversion electron Mssbauer spectroscofZEMS) is
proposed. The advantages of using metal nanocrystals i@ very powerful tool to investigate the structural and dynami-
stead of the semiconductor ones, for memory applications;al properties of a solid at the atomic scale. Combined mea-
are the higher density of states around the Fermi level, aurements of the hyperfine interactions and of the recoil-free
more uniform charging characteristics, and a higher degre#raction provide information, often not attainable by other
of scalability of the systerf:-12 methods, on the local symmetry, chemical bonding, and dy-
In this work Sn nanoclusters were synthesized in thinnamical properties of the probing nucleus. The measured pa-
SiO, films (<100 nm) by ion implantation followed by dif- rameters are the isomer shift (which is sensitive to the
ferent thermal treatments. This method, which is compatiblevalence states, bond angles, and atomic interdistanttes
with present silicon technology, may allow the control of quadrupole splittingA which depends on the symmetry of
size, density, and depth distribution of nanocrystals by varythe charges surrounding the probe nucleus, the fractional
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spectral intensity, and the recoil-free fractioh. The recoil- TABLE I. Analyzed samples: annealing treatments and areal
free fractionf, (Ref. 13 is given by density determined by RBS.
f=e" k2<X2>, (1) Sample Thermal treatments RBS areal density
(Ny) (X10*° cm?)

wherek is the incidenty-ray wave vector andx?) the av-
erage square displacement of the emitting or absorbinGEMS

nucleus. C1 As implanted 9.13)

X-ray-absorption spectroscopyKAS) with synchrotron C2 900°C, 30's 9@
radiation is also a very powerful tool for the study of the c3 900°C, 120 s 92@®)
local structure of condensed matter. It is of particular use foc4 900°C, 600 s 7@)
the investigation of nanometer-sized clusters since, due tgg 1100°C, 30 s 7@)

the local nature of the fine-structure effect, the variation of

the local structure of a cluster can be easily followed fromyag

the dimer molecule to the formation of an extended periodig ¢ As implanted 9.73)
solid**® Using XAS, size-dependent changes in the coor-,, 800°C. 120 s 98)
dination numbers, in the bond lengths, and in the Debyes . goooc' 30's 10'(3)
Waller factor have been detected and studied*Moreover, 900°C. 120 s 100)
and for the same reasons, XAS is well suited to probe the '
local structure of implanted atomi$? By analyzing the
x-ray appearance near-edge structOf&NES) and the ex-

tended x-ray-absorption fine structWEXAFS) of the ab- Tlgsss 119 amu, Ob“'F due to the low relative abundance of
sorption coefficient it is possible to determine whether the >N ISOIOPE(8.6% in the ion source and the limited mass

implanted atoms are dispersed in the matrix or whether thegesolgtion, an isotopically pure beam cannot be Schieved and
aggregate to form clusters, and to follow changes as a fun&ontributions of the neighboring isotop&SSn and'?*Sn are

tion of implantation and annealing conditions. Analysis ofPresent. Therefore the final relative abundance"d8n in -
the EXAFS yields a quantitative determination in the firstthe Samples was determined by time-of-flight secondary ion
few coordination shells of the coordination numb@N), the ~ Mass spectrometry and found to be equal t0280% of the
mean interatomic distancg, and the mean-square relative "0Minal fluence. The implantation area was 1°dor all
displacementrﬁ (MSRD, also known as the EXAFS Debye- samples. For XAS measurements a second set of samples
Waller factoy. For a single-scattering contribution to the Was_prepared in the same conditions by implanting 1

6 ~m—2 Qpt i ; ;
EXAFS signal involving atomsandi, the latter quanti-2> < 10°°cm * Sn' ions with a natural abundance of the dif-
is ferent isotopes. The implantation parameters were deter-

mined by TRIM simulation?® The Sn peak position of the
O'izj:<[(l]i_ﬁj)‘i;ij]2>- 2) |mplantat|on prof_lle was c_hosen to k_)e in the middle of th_e
R SiO, layer. Post-implantation annealings were performed in
where() denotes a configurational average,s the instan- the temperature range 800—-1100°C by rapid thermal pro-
taneous displacement of atdrfrom its equilibrium position, cessing in a B atmosphere. Table | summarizes the anneal-

andr ; is the unit vector joining the equilibrium positions of Ing conditions for the samples analyzed by CEME.ECS)
atomsi andj. We note thaf ando? are related quantities, but @nd XAS (X1-X4).
the former depends only on the average displacement of the The CEMS measurements have been performed at room
single resonating nucleus while the latter depends on thé€mperature using a 15 mCH*"Sn source in a CaSnOna- .
relative displacement of two atoms; moreover, increasedix Which was moved by a standard constant acceleration
thermal or static disorder leads to opposite variatiorfsind ~ drive. The samples were incorporated as electrodes in a
a2 (the first decreases, the second increases parallel-plate avalanche detectérThe isomer shifts are

In this paper a combined use of the peculiarities of bottgiven relative to CasSnQ ***Sn CEMS with this detector
XAS and CEMS is made in order to provide a rather com-type is characterized by a high efficiency for the detection of
plete picture of the local atomic environment of Sn atoms inconversion and Auger electrons emitted after the nuclear
thin SiO, films, either after ion implantation or as a function fesonance absorption of the 24-keV 84bauery radiation
of different annealing treatments. Additional structural infor-by the *°Sn nuclei in the samples. The integrated sensitivity
mation is obtained by Rutherford backscattering spectromto & depth of~1 um is determined by the range of the
etry (RBS), cross-sectional transmission electron microscopyeonversion electrons in the samples.

(XTEM), and high-resolution TEMHREM). XAS measurements were performed at the GILBM8)
beamline of the European Synchrotron Radiation Facility in
Il. EXPERIMENTAL METHODS Grenoble, France. The Sn absorption coefficient was moni-

tored in the fluorescence mode by using a sagitally focusing
SiO, films, 85 nm thick, thermally grown on”3(100) Si(311) monochromatdf and a 13-element hyperpure Ge
p-type silicon substrates, were implanted at room temperadetector with fast digital electronics, using a peaking time
ture by 80 keV/X 10'® cm™2 195" jons for CEMS inves- equal to 1us. The XAS measurements on these samples are
tigations. The mass separator of the implanter was set to particularly challenging due to the low concentration of the
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Sn atomgwith respect to the XAS detection limiand to the T T T
fact that they are embedded in a Si@atrix on a silicon
substrate. The low concentration causes a weak signal while
the low atomic number of matrix and substrate gives rise to
strong Compton scattering, which results in an unwanted
background when monitoring the fluorescence signal. Typi-
cally, the total number of photons reaching each detector
element was approximately 4@er second while those fall-
ing within the region of interest to count the fluorescence
intensity was of the order of £0per second. In order to
reduce spectral distortions due to the excitation of Bragg
peaks in the substrate and to reduce the thermal damping ¢
the signal, samples were mounted on a vibrating and liquid-
nitrogen-cooled holdeé’*° Powder samples of SnO and
SnO, and aB-Sn foil were measured in the transmission
mode as references.

The RBS measurements were performed at the Rosser
dorf 2 MV Van de Graaff accelerator with 1.2-MeV He
ions. The detection angle was 170°. In order to improve the%
depth resolution a glancing geometry was chosen with angle&s
between the beam and the normal to the sample of 50° og
70°, respectively, corresponding to exit angles of 30° or 10°d
with respect to the surface.

TEM analyses were performed by using a Philips CM300
microscope(with line resolution of 0.14 npmoperating at
300 keV. The samples were prepared with the standard pol
ishing, dimpling, and ion-milling procedure. Special care
was taken during the measurements in order to keep the
beam intensity low enough to minimize the e-beam irradia-
tion effects on the specimens. The crystallinity of the clusters
was studied by HREM.

RELATIVE

IIl. EXPERIMENTAL RESULTS

A. RBS

RBS was used to study the Sn redistribution during an-
nealing and to measure the retained areal density of Sn. Thi
areal density in the as-implanted sampks andC1 was
found to be equal, within the experimental error, with the
target value of X 10' cm™2. This value was not altered
after a rapid thermal annealing at 800 °C for 120 s and at
900 °C for 30 s and 120 s. In contrast, a release of about 20¥
of Sn from the SiQ layer was detected after an annealing at
900 °C for 600 s and at 1100 °C for 30 s. The measured area _

. . . -4 -2 0 +2 +4
densities are summarized in Table I. VELOCITY (inm/s)
B. CEMS FIG. 1. CEMS spectra of sampl€sl —-C5. Dots: experimental

. gata. Continuous thick lines: fit. The spectra were fitted with four
The CEMS spectra of the as-implanted sample C1 and q omponenta—d, as shown by the CEMS subspectra reported with
the samples annealed at 900°C2(C3,C4) and 1100°C  {hin continuous lines.

(C5) are shown in Fig. 1. The spectra were fitted with the

least-squares-fittingorMos-9oprogram?* The values of the  shown in Fig. 1. Approximately 80% of the spectral intensity

fitting parameters, isomer shit, quadrupole interactioq, F is due to the componenésandb, related to Sn atom in the

linewidth T, fractional spectral intensity &n %), as well as  oxidation state 2, while the third doublet is due to Sn

the value of the resonant effeetare collected in Table Il for atoms in the oxidation statet4 The two oxidation states are

each sample. easily distinguishable having different hyperfine parameters.
The CEMS spectrum of the as-implanted samfl& CEMS spectra of the annealed samples were again fitted with

could be fitted satisfactorily with three quadrupole doubletsthese three componenas b, ¢ and with an additional com-

each of them with different hyperfine parametArandé as  ponentd, related to3-Sn. In the sampl€2 the componend
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TABLE II. Hyperfine parameters determined by the fitting of the predominant one. Moreover, increasing the annealing
CEMS spectra for componets-d: isomer shifts (mm/s, quadru-  temperature or the annealing time, the spectral intensity of
pole interactionA (mm/s, linewidth I' (mm/s, fractional spectral  the componena (with lower §) increases, while that of the
intensityF (in %). Recoil-free fractiorf% s, for the 8-Sn phase as componentb (with higher §) decreases. Th@-Sn phase,
determined by our model. which is not present in the as-implanted sample, grows after
annealing and the related spectral intensity increases with

a ? ° d temperature and annealing time.
Sample  Parameters 5i(1) Sif*(2)  sif B-Sn We observed also a reduction of the resonant eféeict
c1 5 2806) 321  0.072) all annealed samples with respect to the as-implanted one.
€=0.60(9) A 2413) 2.302) 0.893) This reductlpn is more pronounceq for the samyiles and_
r 1.02) 1.045 1.045) C5, for which e is about one-third of that observed in
F 26(10) 5210) 21.78) sampleC1. A change of the resonant effest
fE-Sn
c2 P 29320 31  -010 255 €x >, Naifais 3)
€=0.41(3) A 2253 20 0.7 0.3 '
r 0.923) 085 0.85 0.85 in the different samples is related to a variation of a total
F 38(4) 54(4) 7.3(5) 0.5(5) number of resonant atoms, and/or to a variation of the rela-
f5-sn 0.0033) tive number of resonant atonmg,; for each componeng;
C3 ) 2.931) 3.1 —0.13(3) 255 and/or to a variation of the corresponding recoil-free fraction
€=0.42(3) A 2.3002) 2.0 0.55 0.30 factorsf ;. Normalizing the experimental CEMS data to the
r 0.863) 0.85 0.85 0.85 total number of resonant Sn atoms present in the samples and
F 383)  46(3) 11.54) 4.06) using the known values from the literature for the factors
. 0.0228)  at300K (f5.5,=0.04, fgp+=0.2, fp+=0.5) ,13*35'36_it was
c4 5 2.978) 31 -0.11(3) 255 not possible to explain consistently the decrease in the reso-
€=0.27(1) A 2130 20 0.616) 0.30 nant effect for any of the annealed samples, according to Eq.
r 0.85 0.85 0.85 0.85 (3). It should be pointed out that tHeralues are those known
F 51(3) 32(3) 12.76)  4.07) for the bulk pompounds, which may be different in our sys-
P 0.0278  tem. In particular, while for S and SA™ we used thef _
cs Bé " 2032) 310 -012(5) 2.48) values repqrtgd in the Ilterature for amorphous compounds in
e=0.22(1) A 2374)  2.00 07 0.30 a system similar to our¥,in t_he case of3-Sn we used the
' ' ' ) . value known for the crystalline buljg-Sr® which may be
r 0.855) 0.85 1.@2) 0.85 - icled
F 43(5) 2765) 12.17) 1901) different for nanopartlcle . .
fr 0.0345) In order to estimate thé 5., factor at 300 K in our
B-Sn ) samples we made a simple model based on the values of the

resonant effects and on RBS results. We assumed also that in
our samples thé factor for the oxidized phase are equal to

is very weak. The signal in the CEMS spectra related to th
y g P those reported in the literature, while tiig.s, varies with

electronic configuration 3A was fitted consistently for all ) .
samples with two distinct componerasandb characterized respect to the bulk value, due to the formation of metallic

by different quadrupole splittings and isomer shifts. It shouldi@noparticles. RBS measurements showed that in samples
be noted that a fitting with only one quadrupole doublet,C2 @ndC3 the measured areal density is constdiable ).
related to SA*, leads to a highey-squared and to large Since the geometrical dimensions of the samples are also the

values of the linewidtfil' = 1.18(1) mms1]. The asymme- same, we conclude that total number of resonant atoms is the
try observed in sample@é-CS-C4 whére the higher- same for the two samples. Taking into account the redistri-

velocity (higher-energy component in the CEMS spectra is Pution of Sn atoms in different components in sample

more intense, can be easily explained with the presence &t respect to sampl€2, we calculaté 4 s, ('*” the follow-

two doublets & andb) related to the presence of two differ- INd called fiz.) from Eq. (3). We found fjg, equal to

ent S+ local configurations. Other effects, such as texture?-0033) in sample C2 and 0.028) in sample C3. In

or vibrational anisotropy(Goldanskii-Karyagin effeét39 samplesC4 ar_1dC5, RBS detected a reduction of the total

leading to an asymmetry in the CEMS spectra, would imply_sn areal density. Therefore for these two samples we normal-

the presence of SnO crystallites which, on the basis of th&e the CEMS data to the total number of resonant Sn atoms

different experimental data, can be excludede Sec. Iy, ~ @nd we assumed again only a change in the, factor.

As discussed latefSec. IV A), the observation of two dou- Within experimental error, the reduction is consistent with

blets in the SnO-Si@system is quite common and not sur- & f s for the 8-Sn phase of 0.028) for sampleC4 and

prising due to the disordered structure. However, severd).0345) for sampleC5. The obtained values dfj g, are

models have been put forward to explain the nature of théummarized in Table Il. Even if the errors for the values of

two quadrupole doublets. Z-Sn in the different samples are large, it is useful to com-
Taking into account the fractional spectral intendftyas ~ pare them with thef ;. g, bulk value. This model will be

determined by the fit, the 8h phase(componentsa+b) is  further discussed in connection with XAS and TEM results.
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FIG. 2. XANES spectra of Sn implanted Si@lms and refer- FIG. 3. EXAFS spectra and fit for the reference compounds and
ence compounds-Sn, SnO, and SnO the Sn implanted sample&l —X5. Continuous thick lines: raw EX-

AFS data; dot lines: filtered contribution of the first coordination
Temperature-dependent measurements are also in progres$gll; continuous thin lines: fit.
determine experimentally the Debye temperature and the real

f factors for the different phases in our system. ity to the spectrum of SnO. The absorption edge position
(Table 1l) is close to that of SnO. The major difference of

the XANES spectra of the samples with respect to the SnO
reference is the absence of the oscillation at approximately
Figure 2 shows XANES spectra for the three standard®9 240 eV. Sn@ in which Sn has a 4 oxidation state, ex-
compounds and the four samples. The pre-edge backgrouribits an absorption edge which is clearly shifted by about 3
was subtracted using a linear fit and the spectra were normaéV to higher energies compared to the samples.
ized to 1 at an energy of 29 300 eV. The four samples have a To extract EXAFS oscillations, raw absorption data were
XANES spectrum which exhibits a clear “white line” feature background subtracted using theToek routine® Figure 3
typical of oxide compounds and which bears a close similarshows as the continuous thick lines the raw EXAFS oscil-

C. XAS

TABLE Ill. Absorption edge position and local strucutural parameters determined by EXAFS: interatomic
distancesR, measured coordination number CN, and mean-square relative displacefnent

Sample Edge position Sn R CN o?
(eV) neighbors A) (A?
Sn 3.0473) 4 0.006@3)
B-Sn 292002) sn, 3.1964) 2 0.00373)
SnO 292012) (6] 2.2301) 4 0.0012)
Sno, 292042) o, 1.982) 2 0.01)
O, 2.052) 4 0.0
X1 291992) O 2.0q1) 2.4(3) 0.0082)
o 2.103) 2.96) 0.02Q5)
X2 291992) Sn 3.001) 0.35) 0.01(3)
Snp 3.1(1) 0.12) 0.01(3)
(0] 2.082) 1.74) 0.0044)
X3 2920@2) Sn 2.963) 0.84) 0.0016)
Sn, 3.123) 0.42) 0.0016)
o 2.094) 2.1(7) 0.0188)
X4 292002) Sn, 2.945) 0.87) 0.00(1)
Sn, 3.093) 0.42) 0.001)
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74 in the ranges 1.3—2.7 Afor SnO and 0.35-2 A(for SnQ,)
__Mf/\/\’\j\ B-Sn using the FT obtained in the range 2.5-9 A with the
] ’ SAVAVA same weight. In all cases the fitting parameters were a com-
6- mon shift of the energy scale, the interatomic distarRes

and the mean-square relative displacemarts Figure 3
shows the filtered contribution of the first shétlot line)
along with its fit ink space(thin continuous ling while in

Fig. 4 the comparison is performed Rspace. The numeri-
cal values of the interatomic distances are reported in Table
III; in all cases there is good agreement with the known
values, with some deviations of the order of at most 0.03 A
for SnG,, presumably due to systematic errors in back-
ground removal, data analysis, and theoretical phase-shift
calculation.

The spectra of all the Sn implanted samples were fitted
with a combination of a Sn-O signal at a single distance and
(except for sampleX1) of a Sn-Sn signal with a split coor-
dination shell. The spectra were fitted in the ranges 0.25-3.6
A and 2.5-9.2 A1, The fitting parameters were the same as
the reference compounds with the addition of the CN's for
— T Sn-O and Sn-Sn atomic correlations. The result of the fits is

Y 1 2 3 4 5 illustrated in Figs. 3 and 4, while in Table Ill we report the
RA) local structural parameters obtained. The error bars corre-

FIG. 4. Magnitude of the FT of the experimental EXAFS data. spond to the diagonal elgments of .the. correla.tio.n matrix._
Dot line: data: continuous lines: fit. We note that the Sn-O interatomic distance is intermediate
between those found in SnO and SpnQvhile the Sn-Sn

lations for the reference compound and the four Sn irn_dlstances are always contracted with respect to the bulk case.

. . In samplesX3 and X4 (annealed at 900 °C), in which the
planted samples. The corresponding magnitude of the Foys ~ . . .
rier transforms(FT) are shown in Fig. 4. All the samples 'Sn-Sn distances could be determined with a smaller error, the

contraction is approximately 0.1 A. Since Sn is present both

exhibit an EXAFS signal which is typical of a light element in an oxide and in a metallic environment, and since the

backscatterer, such as oxygen; the peak at about 1.5 A in tqf)(AFS signal is normalized to the total number of atoms

FT is related to the bonding of tin and oxygen atoms in the(inde endent of their environménthe experimentally deter-
first coordination sheliwe indicate these atomic correlations . P , n P o y
mined CN's are not equal to the real CN’s in each of the

as Sn-Q. With increasing annealing temperature and time a___ .
higher frequency signal is apparent; this gives rise to a signzﬁnwronmenf[s. . : _
' We consider a sample in which the excited atoms are

at about 2.9 A in the FT, in good coincidence with the sig- ; . .
. : . S present in two phases, witd, atoms in the phase andN,
nature of the first shell iB-Sn. This observation indicates . i .
atoms in the phasg; in each phase the excited atoms have

h mple annealing gives ri he formation of Sn-Sn . .
Ltgﬁn?c‘;acgrreelztioﬁi g gives rise to the formation of S Sa first shell CN equal, respectively, to €Mind Cl\f . The

EXAFS data were quantitatively analyzed with greepir ~ '€lation between the measured CN of a given phase”(CN

program&® using theoretical phase signals generategdre ~ With y=a or 8) and the real CNis (for instance, for the

8.0 The analysis was limited to the first coordination shell,Phasé:

due to the limited signal-to-noise ratio of the EXAFS spectra

(as explained in the introduction sectjofiheoretical signals

were generated for the Sn EXAFS signal@raSn, SnO, and CN%=CN* N, @)

SnQ,, using the known crystallographic structures. These "No+Ng’

theoretical signals were used in tReFFIT routine to fit the

experimental signals while varying the local structural

parameters. In Table Ill the quantities reported are the measured co-
The spectra of the reference compounds were fitted first tordination numbers CN The measured Sn-O CN is always

test the reliability of the theoretical signals. In this case therelatively low compared to the reference crystals and varies

CN’s were fixed to the known values: f@-Sn the first shell between roughly 2 and 3; the total Sn-Sn CN is also low and

is split in two subshells with CN’s equal to 4 and 2, for SnOreaches 1.(@®) in samplesX3 andX4. In order to calculate

there is a single subshell with CN’s equal to 4 and for $nO the real CN's it would be necessary to know the relative

there are two subshells, again with CN’s equal to 4 and 2. Alhumber of Sn atoms in each environment. This point will be

fits were performed ifR space. The8-Sn spectrum was fitted further discussed in the following section where the informa-

in the range 1.9-3.25 A using the FT performed in the rangéion obtained from CEMS will be used to address this prob-

2.5-15 A~ 1 with ak? weight. The oxide spectra were fitted lem.

Magnitude of the F.T. (arb. units)
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IV. DISCUSSION
A. Oxidized phase

In the as-implanted sample both CEMS and XAS revealed
the presence of Sn atoms only in an oxidized state, in agree-
) ment with TEM analyse$Fig. 5a)]. Only after annealing
: = there is a precipitation of a fraction of Sn atoms in a metallic
‘ phase.

The predominant valence state of the oxidized phase was
determined for all samples by CEMS as?Sn(component
a-+b) and attributed to SnO, while the smaller fraction in the
Srt* form attributed to Sn@ The position of the edge and
the overall line shape of the XANES spectra reported in Fig.
2 for the as-implanted and the annealed samples show that

FIG. 5. XTEM images of Sn as-implanted sampg& and of  the predominant oxidation state of Sn atomsisid agree-
samples annealed at 800 {8 and 900 °C for 30 gc) and 120 s ment with CEMS. However, the absence of the oscillation at
(d). HREM images of crystalling-Sn clusters related to the XTEM approximately 29 240 eV, evident in the XANES spectrum of
images of Fig. &) and d) are reported, respectively, i®) and  the SnO crystalline reference compound, suggests that the
(). local structure is not that of the ordered SnO crystal, but is

D. TEM considerably more disordered. Both XAS and CEMS re-
' vealed a major disorder in the as-implanted samples, most

Figure 5 shows the XTEM images of the as-implantedjikely related to the ion implantation damage in the $iO
sample(@) and of samples annealed at 800 °C for 35  films. Moreover, our results show that also after annealing
900°C for 30 s(c), and 900°C for 120 gd). In the as- the local environment of the Sn atoms in the oxidized phase
implanted sample there is no evidence of metallic nanocryss still different from that of a bulk SnO compound.
tals. The SiQ/Si interface is damaged and a contrast close to  The quantitative analysis of XAS showed that in the as-
the middle of the oxide is visible. HREM images on this implanted sample the Sn-O bond length is highly contracted
sample(not shown revealed the presence of small amor-and the CN is reduced relative to the reference compound
phous clusters with diameters 1.5-2.5 nm. SnO(Table Ill). After annealing, XAS revealed a variation of

After annealing at 800 °CFig. 5(b)], an additional layer the Sn local atomic environment. The Sn-O bond lengths
of amorphous cluste{3—6 nm diametgris formed close to increase, but are still contracted with respect to the bulk val-
the surface. The contrast in the middle of the oxide in theyes: the CN'’s are still low. This shows that Sn atoms in the
TEM image is still present and related to a large concentraoxidized phase are probably in nonstoichiometric coordina-
tion of Sn atoms, also agglomerated in small amorphousion. Our quantitative data on the Sn-O correlatigfiable
clusters (€2 nm diametex I can be usefully compared to a recent report on the local

After annealing at 900 °CFigs. Hc) and Jd)], the size  structure of bulk tin silicate glasses obtained by neutron
and number of the clusters increase with annealing timediffraction° The authors showed that in tin silicate glasses
Even if most of the clusters are still found close to the SiO Sn is a network former and it is present mainly ifSnQ;]
surface, some clusters grow at the center of the oxide and atangular pyramid coordination, while a smaller amount is in
the SiQ/Si interface(as confirmed by XTEM images in a four-oxygen coordination in square pyrani8inQ,]. Both
different points of the sample configurations are related to Sh It was also shown that a

Figure 6 shows the XTEM image of samfl® annealed correlation exists between the Sn-O CN and the Sn-O inter-
at 1100°C for 30 s, where a large number of metallic Snatomic distances, which were reported in the range 2.12—
clusters were formed in the Sj@ayer. Moreover, the bigger 2.13 A for Sn-O CN’s of approximately 3. The bond length
clusters in all samples annealed at 900 °C and 1100 °C wergecreases to around 2.0 A for CN of 2. The local structural
found to be crystalline. Most of the crystalline clusters im-parameters determined by XAS in the as-implanted sample
aged by HREMFigs. He) and 5f)] show distances between [Sn-O interatomic distance of 2.00 A and the CN of(3)#
the crystal planes of 2.9 A. This value may be consistentire compatible with the cited correlation between CN and
with both 8-Sn and SnO. However, it was also possible tointeratomic distance. Upon annealing the Sn-O interatomic
image, in the same nanocrystal, crossing planes which allowistance increases to 2.08-2.10 A. According to Bent
an unambiguous identification witB-Sn. For instance, Fig. et al,** this distance indicates a CN of 3, in agrement with
5(f) shows the HREM image of a nanocrystal in samyde our results.

The (200 (lattice spacing of 2.9 fand the(101) (lattice The signal related to $f in the CEMS spectra was fitted
spacing of 2.77 A crossing planes with an angle of 90° with two distinct components and b, suggesting that Sn
between them identify #-Sn nanocrystal. With increasing atoms with valence state+2 are present in two different
annealing time or temperature the mean diameter of th&cal environments. The hyperfine paramei@endA found
nanocrystals increases from ®% nm (900°C, 30 sto  for both components in the as-implanted and annealed
10.99) nm (900°C, 1205 15.24) nm (900°C, 6005 and samples are greater than those reported for bulk crystalline
16.97) nm (1100°C, 30 % and amorphous Sn.Collins et al** observed thad andA

205419-7



S. SPIGAet al. PHYSICAL REVIEW B 68, 205419 (2003

values increase in amorphous SnO with respect to the crys-
talline compound and they suggested that the local environ-
ment of amorphous $n can be described by a distorted
cell. Our § andA values are even larger than those reported
by Collins et al. and closer to those found in float gl&$s,
binary oxides SnO-Si©* and ion implanted glassé$The
isomer shift is a measure of the electron density at thesvio
bauer nuclei and it is approximately linearly related to the
number of % electrons on the tin atonfs:** A larger value
of & is found in compounds with a more covalent bound. Theshowing that SnO may be incorporated into SiGp to a
quadrupole splitting\ is a measure of the distortion of the concentration of 60—70 wt %. The behavior of the SnO-snO
local environment of the tin atoms from cubic symmetry andsystem with temperature is not fully understood; different
the larger value of tha of Sr*™ may be related to a change chemical reactions may occur, such as the decomposition of
in the structure, e.g., the O-Sn-O angles or bond lengthSnO into Sn@ andB-Sn and the formation of the metastable
which decrease the point symmetry at the tin atoms. Theompound SnSiQwhich in turn decomposes at temperature
CEMS results obtained in this work can be also comparedhigher than 700 °C into SnQ B-Sn, and Si@. The Sn im-
with the work of Williamset al*3 who studied the SnO-SiO  plantation in thin SiQ films leads to a system not fully com-
system with different tin concentratiaifrom 17 to 70 SnO  parable with the SnO-SiOsystem reported in the literature.
mol % in SiG,) and found that botid and & increase with  lon implantation forms a highly inhomogeneous Sn distribu-
decreasing tin content. The large values of thesbhmuer tion in the oxide(Gaussian distributionand the in diffusion
parameters determined in our work are consistent with thef moisture from the annealing ambient may have a strong
trend observed by Williams and co-workers, taking into ac-influence on these thin SiGilms.*® Nevertheless, our results
count the low SnO molar concentration in our samplesndicate that the behavior of Sn implanted in silicon dioxide
(<1%). In addition, under specific annealing conditions, films during annealing may be described to a certain extent
these authors observed the presence of two distinct compataking into account the chemical reactions cited above.
nents with different quadrupole splittings and isomer shifts
for Sr*". They suggested that one of these components
(6:2.8 mm/s and\:1.2—-1.5 mm/s) could be related to crys-
talline SnO, while the other ones( 2.87—-3.06 mm/s and After annealing at 900 °C and 1100°C, XAS and CEMS
A: 2.15-2.58 mm/s) to Sl present in the SnSiDcom-  spectra showed the formation of the metalfeSn phase.
pound or remaining in the glass phase. However, a certain fraction of Sn atoms still remains coordi-
In the following we will discuss more in detail the evolu- nated with oxygen. We associate the metallic phase with the
tion of the oxidized phase with annealing treatments. CEMSormation of 8-Sn nanocrystals, as shown also by XTEM
showed that annealing leads to a decrease of the total specteaidd HREM analyseéFigs. 5 and & After the annealing at
intensity related to the oxidized phase, due to the growth 0800 °C for 30 s(sampleX2), XAS showed that most of the
the B-Sn phase. In particular, CEMS revealed a decrease @&n atoms are still predominantly coordinated with oxygen,
the spectral intensity related to componedtéSr?*) andc  even if the presence of Sn-Sn correlations cannot be defi-
(Srf*); while the spectral intensity of componem{Sr?™) nitely ruled out. In the same sample TEM images revealed
increases with respect to the as-implanted state. Compared tiege presence of few amorphous nanoclusters with diameters
the as-implanted samples, the valuedoflecreases for both 3—6 nm[Fig. 5b)] and from TEM it is not possible to con-
components andb, indicating a rearrangement of the local clude if they are metallic or not.
structure leading to a more symmetrical environment around Quantitative determination of the interatomic distance by
the Sn atoms. The spectral intensity of the compoeint ~ XAS showed a contraction of approximately 0.1 A in the
creases after annealing and the isomer shift is closer to thatetallic Sn nanoclusters, the dimensions of which are known
of amorphous SnO. This component can be related to thtfom TEM to be less than 10 nm. The contraction of the
presence of small amorphous Snelusters. The hyphothesis lattice parameter has been already observed in small particles
is based on TEM results, which revealed the presence aind can be ascribed to the hydrostatic pressure due to the
amorphous small cluster®-3 nm together with bigger cluster surface stress and to that exerted by the matrix. By
ones associated witjg-Sn. The formation of small oxide using the EXAFS technique, lattice contractions in particles
clusters in Sn ion implanted oxides has been also reported iof dimensions below 5 nm of various elements such ag'Au,
the literaturé’” The componenb can be associated to Sn Ag,**!®Cu®?®and rare gasé§'°have been reported. The
dissolved in the matrix. Its spectral intensity decreases witlvalue of the hydrostatic pressure acting on the particle can be
annealing indicating that a fraction of these atoms precipiderived from the lattice-parameter contraction; 26—-58 kbars
tates intoB-Sn nanoclusters, as confirmed also by XAS andare reported for nanometric sized Cu clusters in amorphous
TEM. silica?® 5-35 kbars for Xe clusters in crystalline Siand
Finally, the presence of a large amount of Sn atoms stilR4—44 kbars for Ar clusters in crystalline Si and’AKnow-
remaining dissolved in the matrix even after annealing mayng the bulk modulus of SnRs,=580 kbars) and supposing
be due to the high solubility of the SnO oxide in $iO’he  an isotropic strain of the particldi.e., Aa/a=Ab/b
SnO-SiQ system has been studied by different autf8f§, =Ac/c) we found pressures of 4216 kbars and 57

FIG. 6. XTEM image of sampl€5.

B. Metallic phase
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+9 kbars, respectively for the 900°C 30 s and 900°C, 120 o0.04{ ' ' ' ' ' g
s samples. These values are similar to the ones reported i
the quoted literature for other cluster systems. The rathel

high value of the contraction in the bond lengths@.1 A)

is therefore compatible with a reasonable value of the pres:
sure inside the cluster and this provideposteriorisupport & 0.02- -

0.031

for our experimental finding. NS
The Sn-Sn CN determined from XAS quantitative analy-
sis is rather smal(Table 1l). Since the XAS signal is nor- 0.01+ 1
malized to the total number of Sn atoms, we should calculate
the real CN for the Sn-Sn and Sn-O correlations using Eqg. 0.00 + .

(4). To do this, we first calculate from CEMS data the per-
centage of Sn atoms in the metallmmponent) and oxide 6 8 10 12 14 16 18
environments(componentsa, b, ¢) using thef values re-
ported in the literature for the oxidized phase and the,
values determined by our model for the metallic nanopar-  FIG. 7. Recoil-free fractiorf} g, vs nanocrystal size.

ticles, as explained in Sec. Il B. Therefore, from E4), we V. CONCLUSIONS

calculate that the real GNor the metallic phase in samples ) i

X3 andX4 is around 5. This value is slightly lower than the CEMS _and XAS measurements provided otherW|s_e un-
one for bulk 8-Sn (CN=6), and qualitatively compatible available information on the evolution of the local environ-

. . S ent, as a function of thermal treatments, of Sn atoms im-
with the quoted reduction of coordination number observecgqI

_ anted in thin SiQ films. Both techniques showed that Sn
in nanoclusters. Moreover, the CN number for the Sn-O COl5toms are present only in the oxidized phase in the as-

relation in annealed sampléas determined with the hypoth- jpjanted samples. The predominant oxidation state was
esisf .= fj.0 is found to be close to 3; the same value jgentified as SH'. The thermal treatments lead to the pre-
obtained for the samplesl andX2 where the Sn-Sn corre- cipitation of a fraction of SA" atoms into8-Sn nanoaggre-
lations are not present. It should be pointed out that unrealgates. Sn atoms remain predominantly coordinated with oxy-
istic values for the CN's of the metallic phase were obtainedyen for thermal treatments at 800 °C or 900 °C, while the
if the valuef, for the 8-Sn phase was used. These resultsSn-Sn metallic coordination is predominant after annealing
support the hypothesis of a reduction, in our samples, of that 1100 °C. The3-Sn phase, observed by CEMS and XAS,

f value(at 300 K) for 8-Sn nanoparticles with respect to the is related to Sn crystalline clusters, in agreement with TEM
bulk, as discussed in Sec. Il B. analyses. XAS data show a reduced CN and a contraction of
Finally, taking into account the TEM results, we found the interatomic distance of approximately 0.1 A for cluster
that there is a trend on the variation 6 s, with the nano- size below 10 nm. Preliminary CEMS results indicate a re-

crystal size(Fig. 7). fE-Sn is remarkably lower for the clusters dL_JCt|on of the recoil-free fraction for th8-Sn nanocrystals
with dimension<10 nm with respect to the value of the With respect the known value for the bulk. The percentage of
crystalline compound. Our results can be compared Witf‘?n atoms remaining coordllnated W'th. oxygen afFer an_nealmg
those reported by Koopst al,* indicating a significant re- 'S due to atoms Q|ssolved in t_hg matfes SnO oxide with a
duction of the recoil-free fraction for metallig-Sn nano-  distorted cell or in small precipitates of SnO

clusters in Si@. An increase in the MSRD has been previ-
ously reported by XAS in Au nanoclustet$the origin of
which was shown to be precisely a modification of the vibra- The Sn ion implantation has been performed at the Insti-
tional structure of the clusters. The determination of thetute of lon Beam Physics and Materials Research of the Re-
MSRD in the present case unfortunately suffers from an ersearch Center Rossendorf, Dresd&grmany in the frame-

ror bar which is too high to be of any real use. Clearly, awork of the “Access to Research Infrastructures” project
more thorough understanding of this issue would require dunded by the European Community. Measurements at
detailed and temperature-dependent comparisorf ahd ESRF, Grenoble(Franceé were supported by the INFM-
MSRD. Commissione Luce di Sincrotrone.

nanocrystal average diameter (nm)
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