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Abstract. We report on the formation and detection of SnOs quantum dots confined in a glass matrix.
The average radius of these agglomerates embedded in a B2Os substrate was evaluated in 5, 10, and 14 A
for a 0.1, 0.2, and 0.3% dilution of the semiconductor in the glass, respectively. The characterization
of the samples was performed by EXAFS (Extended X-ray Absorpion Fine Structure) and XRD (X-ray

diffraction) spectroscopies.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals —
61.10.-i X-ray diffraction and scattering — 81.07.Ta Quantum dots

1 Introduction

High gap semiconductors such as SnOq [1-3], InoO3 [4],
SnInO, (ITO) [5], are a class of oxides which exhibit
high optical transparency and good electrical conductiv-
ity; when doped or mixed with a metal (e.g., Sn doped
InyO3), or a semiconductor (e.g., Gag—,Ins,Sn2016) [6],
they assume a higher conductivity maintaining a good
transparency. Therefore, these transparent conducting ox-
ides find large applications in several devices, in the field
of optoelectronics and microelectronics as thin films or
nanostructures, as well as gas sensors [7].

The properties of these oxides can be largely depen-
dent on their geometrical characteristics such as film thick-
ness and surface roughness [5], crystalline or amorphous
phase [1], grain size and porosity [1-3]. Of course, impor-
tant modifications can be caused by doping centers [8,9].
Also size confinement, involving small clusters or quantum
dots of these oxides [2,8,10], represents a bright expedient
for obtaining novel challenging properties in material sci-
ence. In fact, quantum size effects can dramatically mod-
ify the energy level distribution both in the valence and
in the conduction bands [11], with the possibility to build
up optical transitions shifted or modified according to the
particular technological application. For this reason the
present study concerns the confinement of SnO, quantum
dots.

In principle, it is necessary to realize a high concen-
tration of dots with proper size in a suitable matrix; this
is however not an easy task for several reasons: the first
is related to the difficulties of obtaining size selected clus-
ters; the second is due to the choice of the matrix, or of
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a proper solution which should prevent any possible in-
fluence of the solvent on the properties of the solute; and
finally, the finding of a suitable experimental procedure,
including the eventual thermal treatment, for obtaining
the precipitation of size selected quantum dots with re-
duced dispersion.

With reference to matrix-induced effects, it is worth
to point out the interface properties due to bonds of the
confined clusters with the host material; internal volume
and surface layer of the clusters can have a quite dif-
ferent behaviour, with a relative weight, size and shape
dependent. In addition, care should be paid in melting
procedures and in solid solutions about possible mixing
of elements of the matrix with those of the solute [4].
In a previous paper [4] in fact, we obtained an experi-
mental sintering of indium borate clusters by simple melt-
ing of indium oxide in a boron oxide matrix. We adopted
the same procedure to obtain precipitates of SnOs quan-
tum dots in a glass matrix (B20s3), avoiding however
any chemical modification of the solute. This goal was
achieved because tetravalent tin cannot be substituted
by trivalent boron in a SnOs configuration, and this pre-
vents the formation of tin and boron mixed oxide; how-
ever, two tin oxides are most common, namely SnO and
SnOs [12]. Fortunately, these oxides present quite different
geometrical configuration: in fact, stannous oxide (SnO)
is tetragonal with a = 3.802 and ¢ = 4.836, whereas stan-
nic oxide (SnO2) crystallizes in the cassiterite structure
(space group p42/mnm) with octahedral coordination and
tetragonal symmetry having a = 4.73727, ¢ = 3.186383
and v = 0.307 [13]. The remarkable difference in the lattice
parameters, and precise X-ray diffraction characteriza-
tion of the samples have excluded any presence of foreign
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oxides different from the wanted semiconductor. In order
to fully characterize the quantum dots precipitated in the
matrix we adopted the Extended X-ray Absorption Fine
Structure (EXAFS) spectroscopy. In fact, this technique
allows the investigation of the geometrical configuration
around the absorbing Sn atom, permitting to distinguish
between oxygen and tin coordination; moreover, this spec-
troscopy is a short range probe permitting the determina-
tion of the mutual distances and coordination numbers re-
lated to some coordination shells around the central atom;
finally, also the vibrational and thermodynamical parame-
ters (Debye-Waller factor and Debye temperature) can be
obtained by these measurements, acquiring some insight
in the interface configuration related to the phonon cou-
pling with the matrix [14-16]. In the following we report
about a simple melting procedure producing SnOs quan-
tum dots, whose size can be selected by just choosing the
appropriate dilution; at very low concentration (0.05% )
the separation between the solute molecules is so large
that only the first Sn-O coordination is visible but with
lower coordination numbers, with respect to the crystal.
This corresponds to single molecular aggregates embedded
into the matrix.

2 Experiment

In order to obtain nanocrystals of SnOs in the BoO3 ma-
trix we used, as already mentioned, the same melting pro-
cedure detailed in reference [4], mixing with the matrix
high purity SnO5 at the desired concentration; a wide
temperature range was explored between 1000 °C and the
melting temperature of the solute (1625 °C) quite higher
than the melting point of the matrix (450 °C). Some sam-
ples were checked by XRD, together with the pure con-
stituents. In Figure 1 typical XRD spectra are reported:
the peaks of the SnO5 crystal are well reproduced in the
diluted sample where also the B,O3 features are present;
in general, as expected, the high concentration solid so-
lutions presented the same features of the constituents,
although, of course, with reduced intensity of the solute.
The low dilution samples, on the contrary, showed only
qualitative modifications quantitatively investigated after-
wards by EXAFS spectroscopy.

The EXAFS experiment was performed at the GILDA
beamline [17,18] of the European Synchrotron Radia-
tion Facility (ESRF, Grenoble, France); the radiation was
monochromatised and horizontally focused by a crystal
Si(311) monochromator. The beam spot on the sample
was 1 x 2 mm?; the energy resolution was in the or-
der of 107°. X-ray spectra were collected around the
Sn K-edge (29200 eV). The measurements were performed
at 77 K, in fluorescence, using an ultrapure 13-element
Ge multidetector cooled at 77 K, but also the absorption
detection was adopted for high concentration (0.4-5.%)
samples, considering the very low absorbance of the ma-
trix. For reference, a thin layer of SnOy powder polycrystal
was used, together with a high purity Sn foil in order to
get the experimental Sn-Sn phases.
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Fig. 1. Lower curve: XRD spectrum of the SnO; crystal as a
function of the diffraction angle 26; upper curve: XRD spec-
trum for the diluted 5% sample; here, the extra peaks are due
to the glass matrix.

We recall first, the composition of the semicon-
ductor and its geometrical configuration around a
Sn absorber [13]. A distorted octahedral distribution of
oxygen atoms surrounds the Sn central atom, with 4 O
at 2.05186 A and other 2 O at 2.05675 A; considering
the quite small difference between the distances of these
oxygen atoms, and taking into account that the EXAFS
accuracy for interatomic distances is, in our case, of about
0.01 A we can treat the six oxygen atoms as forming a sin-
gle first shell. In the second coordination shell, 2 Sn atoms
reside at 3.18638 A whereas in the third one we find
4 O atoms at 3.59064; in the fourth shell 8 Sn atoms
are at 3.70933 A. These values are also reported in Ta-
ble 1 as diffraction data, directly verified for the pure
dioxide by XRD. No evidence was found of SnO whose
composition we report here only for the sake of clarity:
first, second, third, and fourth shell is respectively formed
by 4 O (at 2.227 A), 4 Sn (3.5519 A), 4 Sn (3.6812 A),
4 Sn (3.8020 A). The distances are so different with re-
spect to SnO4 that no ambiguity can occur.

The normalized EXAFS spectra were analysed accord-
ing to a standard procedure [14,15,21,22] removing the
background by means of a cubic spline and fitting the
continuous component of the spectrum in the k range.
From the raw curves, after normalization and subtrac-
tion of the background we can extract the EXAFS oscilla-
tions x(k). These curves, weighted by k2, or k?, have been
Fourier transformed in the range Ak = 2.5-19.6 A~
Their peaks correspond to the first and successive coor-
dination shells due to the local average configuration of
each sample.
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Table 1. Parameters of the first, second, and fourth shells around an Sn absorber for our diluted samples, obtained by the
FEFFIT code applied to the FTs of the EXAF'S spectra; here, the uncertainty for the coordination numbers is £0.1 and for the
lowest dilution £0.2; for all the fitted distances the uncertainty is £0.01 A, for the DW factors £0.0004 A2,

dilution

(%)

N

first shell: Sn-O

R(A) o%(x107* A?%)

N

R (A)

second shell: Sn-Sn
o?(x107* A% N

fourth shell: Sn-Sn
R (A)

a?(x107* A?)

0.05
0.1

0.2

0.3

0.5

5.0
crystal

5.3
4.3
4.8
5.3
6.0
6.0
6.0

2.01
2.01
2.035
2.05
2.05
2.055
2.054

57.0
54.0
50.0
26.0
18.0
10.0
16.0

0.75
1.5
1.65
2.0
2.0
2.0

3.18
3.18
3.18
3.19
3.19
3.19

43.0
19.0
16.0
7.0
7.0
12.0

4.1
5.8
6.5
8.0
8.0
8.0

3.71
3.72
3.715
3.715
3.71
3.71

41.0
18.0
18.0
17.0
11.0
17.0

3 Results and discussion

Firstly, in Figure 2 we display the raw absorption spec-
trum for the reference SnOs thin layer together with the
kx(k) EXAFS spectrum and the FT of the k3x(k). This
spectrum shows the first peak due to the oxygen first shell
around the absorbers, and two adjacent peaks to be as-
cribed to Sn second and fourth coordination shells (see
Tab. 1), with a negligible contribution of the third oxygen
shell. The two metal peaks appear so well separated for
two reasons: 1) the first, clearly, has to be attributed to the
low temperature of the experiment (77 K); ii) the second,
to the excellent resolution permitted by the persistence
of the EXAFS oscillations up to high & values; note, in
addition, that the weighting factor, in the Fourier trans-
form of k3x(k), strongly reduces the influence of higher
oxygen shells with respect to the contribution of a heavy
metal like Sn. Actually, the oxygen third shell with 4 O
at 3.59 A, falling between the two Sn peaks, has a very re-
duced intensity as afterwards evaluated during the fitting
procedure. The verification of the proper parameters for
each shell was performed applying to the k" x (k) (n = 2, 3)
curve and to its FT an accurate fitting code (FEFF) us-
ing curved wave calculations, multiple scattering paths
and inelastic losses [21,22]. As reported in Table 1, the
fit permitted the determination of the main parameters
(coordination number N, interatomic distance R, Debye-
Waller factor o2), together with other important factors
such as the attenuation factor SZ (due to shake-up and
shake-off contributions), the cumulants corrections etc. In
particular, we first fitted the parameters of the reference
crystal reported in Table 1; no constraint was used; an
excellent agreement can be observed in Figure 2 between
the experimental FT of the reference compound and the
best fit curve obtained with the corresponding parameters
of Table 1.

This fit permitted the determination of the overall S2
amplitude factor [14,15] (SZ = 0.95) which was fixed in
the diluted samples analysis.

It is worth to point out that we performed a more
detailed analysis introducing the cumulants in the fit, in
order to check whether the distance distribution was some-
what distorted; as expected, only the fourth cumulant for
the oxygen first shell was found quite small (of the order
of 107%), whereas the others were zero.
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Fig. 2. Lower curve: absorption spectrum as a function of the
photon energy for the reference SnO» crystal; middle curve:
k weighted EXAFS oscillations of the reference sample, as a
function of the wave vector k, extracted from the raw spectrum
after normalization and background subtraction; upper curve:
FT of the k® weighted x(k), together with the fitting curve
(continuous line) of the first three peaks, using the FEFFIT
code. The correspondent parameters are reported in Table 1.
The fitted peaks are due to the first, second and fourth shells.
Also visible two other features mainly arising from metal higher
shells which were not fitted.
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Fig. 3. Lower curves: typical EXAFS oscillations for some
dilutions of SnO2 in a B20s matrix, as a function of the
wave vector k, extracted from the raw spectra after normal-
ization and background subtraction; upper curves: FT of the
k* weighted x(k), together with the fitting curve (continuous
line) of the first three peaks, using the FEFFIT code. The
correspondent parameters are reported in Table 1. The fitted
peaks are due to the first, second and fourth shells. Also visi-
ble two other features arising mainly from metal higher shells
which were not fitted. The curves were shifted for the sake of
clarity.

Although the FT of Figure 2 shows evident higher
shell peaks beyond 4 A, these were not fitted, because,
at higher distances, several contributions overlap, due to
metal and oxygen higher shells, mixed up with multiple
(three or more paths) scatterings; therefore, the reliabil-
ity of too many parameters is quite uncertain even though
the oxygen contribution as already mentioned is strongly
damped; in fact, we evaluated that in the curve of the FT
(Fig. 2) the third O shell at 3.59 A has a relative yield
lower than 6% and for this reason it was neglected [23].

In Figure 3 we can now display some typical EXAFS
spectra for several dilutions; in these measurements, in
order to improve the statistical accuracy, many spectra
were collected for each experimental configuration, and,
as reported elsewhere [15], an accurate statistical analysis
was always performed within the fitting procedure by the
minimization of the reduced 2.
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In the same Figure 3 we also show the FT of the k3x (k)
and the best fit obtained by the same procedure and in
the same conditions as for the reference compound. The
correspondent parameters are inserted in Table 1.

We observe: i) at concentration higher than 0.5%, the
coordination numbers for the first oxygen shell as well as
for the Sn-Sn successive shells are identical to those of
the crystal; also the distances are finely reproduced, well
within the accuracy of the EXAFS technique (0.01 A).
The mean-squared relative displacement o2 can also be
considered without severe changes.

In contrast, at concentration lower than 0.5%, as vis-
ible in Table 1, all the parameters undergo a dramatic
modification. In fact, all the samples investigated from
0.5 to 0.1% show a progressive reduction of the coordi-
nation numbers of the first oxygen shell as well as of the
second and of the fourth metal shell. In concomitance, we
observe a very small contraction of the distance Sn-O but
the metal-metal mutual position does not change at all; in-
stead, the Debye-Waller factor uniformly increases for all
the shells; as far as concerns the cumulants, we find a small
contribution only in the first shell (Cy = —2.0 x 1075 A%)
taking into account the weak asymmetry of this peak. Fi-
nally, at the lowest 0.05% dilution (so low that its uncer-
tainty is about +£0.03%, with a lower signal-to-noise ra-
tio) the x spectrum and the kx (k) FT show respectively a
single frequency and a single peak corresponding only to
the Sn-O coordination (see Fig. 4 and Tab. 1). In all the
cases reported in the table, also the correlation between N
and o2 was accurately checked together with their influ-
ence on the error bars: as visible in the table, the sam-
ples at highest dilutions are in fine agreement with the
reference crystal, whereas the lower dilution (0.1-0.3%)
samples show a regular trend for all the three parameters
reported for each shell.

Discussing in more details the previous results we
emphasize, first of all, the important result obtained
at 0.05%. This concentration shows that the melting pro-
cess, at least in the present matrix, is able to completely
separate the tin dioxide molecules in the single molecular
constituents; this conclusion, supported by the absence of
any metal-metal peak in the FT, indicates an uniform dis-
tribution in the BoO3 matrix of SnO, molecules quite dis-
tant from each other, in which the metal can be sometimes
in substoichiometric configuration; in fact, a first coordi-
nation number equal to 6 oxygen atoms would mean an
exact stoichiometric distribution of SnOs molecules if a
non local distribution of metal atoms would maintain the
correct ratio 1:2 between the number of metal atoms and
the number of oxygen atoms; when single tetravalent Sn
atoms are locally confined and still most of the original
SnOg octahedra survive (very likely mixed with SnO,4 ag-
gregates) this implies that the oxygen atoms should bind
not only tin but also the matrix constituents. In this case,
a coordination 5.3 could result as the average of 65%
and 35% of SnOg and SnO4 aggregates, respectively; this
is corroborated by the somewhat contracted distance owed
to the absence of further oxygen-metal bonds, by the in-
crease of the DW factor, and by the fourth cumulant
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Fig. 4. 0.05% dilution. Lower curve: EXAFS oscillations as a
function of the wave vector k, extracted from the raw spectrum
after normalization and background subtraction. Also reported
the fitting curve using the FEFFIT code; upper curve: FT of
the k weighted x(k), together with the fitting curve (continuous
line) of the first peak, using the FEFFIT code. This peak is
due to the oxygen coordination shell around the Sn absorber.
No other feature is clearly visible out of the noise level at the
lowest dilution. The correspondent parameters are reported in
Table 1.

Cy = —4 x 107° A* denoting a slight asymmetry. The
increase of the Sn-O coordination number at 0.05% with
respect to the other diluted samples indicates a different
morphology than that observed when clustering occurs;
consider that the parameters reported in Table 1 are ob-
tained without any constraint and confirmed both by the
FEFF procedure and by direct comparison with the ex-
perimental phase and amplitude of the reference crystal.
As the QD are embedded into an oxide network, the de-
crease of the Sn-O coordination number at 0.1 and 0.2%
therefore should be attributed to a random distribution of
the oxygen of the matrix not in ordered configuration at
the border of the SnO, crystallites.

For the intermediate concentrations 0.1, 0.2, 0.3,
and 0.5% we note a progressive increase of the coordi-
nation number with the increase of the concentration,
reaching the value of the reference compound at 0.5%.
This trend is verified for all the three shells reported in
Table 1 demonstrating the formation of clusters [24-26]
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Fig. 5. Average coordination numbers for the first (Sn-O),
second (Sn-Sn), and fourth (Sn-Sn) shells calculated for
SnOg spherical clusters as a function of the size. The reduction
with respect to the bulk value is due to the surface contribu-
tion. The reported dots correspond to the calculated values;
note that the data have not a regular trend because, when
the size increases, other atoms of the structure are added and
therefore the average value can scatter, mainly for small sizes;
of course the general trend should increase towards the bulk
coordination values, respectively 6, 2, and 8. The line is a guide
to the eye.

whose size is dependent on the concentration. In other
terms, the modification of the coordination numbers can
be simply explained if the precipitation of SnOs agglomer-
ates of limited radius can give a surface contribution with
coordination number reduced with respect to the internal
one; the average value measured by the EXAFS technique,
in fact, is a precise indication of the limited radius of these
nanocrystals; therefore, at 0.5% as well as for higher con-
centrations the dimensions of the precipitates are quite
large so to obtain the crystal parameters; at lower dilu-
tion, the regularity of the N value as a function of the
concentration, not only for Sn-O but also for the two Sn-
Sn higher shells, strongly supports we are dealing with an
ensemble of quantum dots (QD) of reduced size; then, this
size can be worked out just modifying the concentration
of the semiconductor into the matrix. This conclusion can
be corroborated by a simple check: in fact, in a spherical
cluster of radius r there is a definite number of internal
Sn atoms and of surface Sn atoms; whereas the internal
atoms have the crystal coordination numbers, a surface
shell atom has a reduced coordination as much as it is
closer to the surface. As the geometrical distribution of
atoms in the cluster is known, a simple geometrical exer-
cise can exactly count the number of atoms in the coordi-
nation shell of each Sn atom in the cluster, calculating af-
terwards the average value. This calculation is reported in
Figure 5 for the I, IT and IV coordination shells, as a func-
tion of the cluster size. Comparing with the experimental
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values, on the basis of the nice matching of all the coordi-
nation numbers, we can affirm that:

at 0.1% QD of 5 A radius,
at 0.2 % QD of 10 A radius,
at 0.3 % QD of 14 A radius

were obtained. The above sizes, being evaluated by a si-
multaneous check of three coordination numbers, result
with a quite small uncertainty, lower than 5%. We add
some comments about the other parameters of Table 1; we
observe that for smaller sizes the Sn-O distance is some-
what contracted whereas the DW factor results magnified;
this behaviour is consistent with the size reduction con-
sidering that the surface bonds can undergo a contraction
because of the breaking of the translational symmetry,
particularly as concerns the first shell; for the same rea-
son, the opposite applies to the vibrational amplitude ex-
panded with respect to the crystal mainly at the smaller
sizes.

It could be hypothesized that a mixture of SnOg
and/or SnO4 “molecules” could be mixed up with the
clusters in the dilution range 0.1-0.3%; however, this hy-
pothesis can be excluded for the following reasons:

i) this mixing, if present, would dramatically reduce
the coordination of both second and fourth Sn-Sn coordi-
nation shell, at any dilution;

ii) the first Sn-O coordination, in the previous hypoth-
esis, would be lower than that reported for 0.1 and 0.2%
and this is not compatible with the correspondent Sn-Sn
coordinations;

iii) at 0.3% the o2 value does not seem too much in-
fluenced by the higher value of the single molecules; we
therefore conclude that a negligible, if any, presence of
single molecules is present at any higher dilution.

The previous results compare with the data reported
in reference [4] for indium oxide; in contrast however, we
get here a regular dependence on the dilution which can
be used for selecting the required average size of the con-
fined QD, tailoring desired quantum optical transitions.

In conclusion we have demonstrated how to confine
SnOsy quantum dots in the nanosize range using a simple
melting process with the proper concentration of the semi-
conductor into the glass matrix. Moreover, we have showed
that in this matrix molecular confinement of distant non-
interacting SnOg and SnOy4 can be uniformly obtained.

We wish to acknowledge the staff of GILDA and ESRF for
the excellent assistance during the experiments. Thanks are
due in particular to Stefano Colonna and Pierlorenzo Solari of
the GILDA beamline, and to G. Malandrino for the diffraction
analyses. We thank also Professor I. Pollini and Mr. D. Cipriani
for the sample preparation.
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