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Confinement of InO3, INOg, and INBO; clusters in a glass matrix
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We report on the formation and detection of molecular aggregates gf(k®©3,6) in a glass matrix. This
result was achieved by simple melting 0@ in a B,O; matrix, at dilution 0.05%. At higher concentrations,
we have been able to confine clusters of the mixed compound Jn8faining quantum dots of the indium
borate embedded in the substrate. The average size of these agglomerates, evaluated ihabaaes not
change, increasing the dilution in the range 0.3—-2.0%. These results are of particular importance for the
confinement of quantum dots in a glass matrix. The characterization of the samples was performed by extended
x-ray-absorpion fine-structure and x-ray-diffraction spectroscopies.
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[. INTRODUCTION perature range that can be modified by addition of conve-
nient impurities; in this range the diffusion of a diluted solute

The optical properties of luminescent oxides are widelycan be controlled just modifying the viscosity of the matrix.
studied; doped or undoped glasses, such as orthoborate cofifhe melting pointT ,(B,03) is 723 K, and the correspond-
pounds 13 represent an interesting class of materials, whiching glass transition range & =470-530 K, but the viscos-
can exhibit high optical trasparency and/or good electricalty changes as a function of the temperature and of the dop-
conductivity. A similar behavior can be found in metal ing; therefore, the heat treatment can be set over a wide
oxides? 8 such as 1nO; or SNQ,, which are considered to range depending on the composition.
be high-gap semiconductors. These materials also find tech- On the other hand, x-ray-diffraction measurements and
nological application in heterojunctions, solar cells, and mi-optical spectrd for doped InBQ showed a wide morphol-
crodevices. An interesting compound is represented by inegy with a glass transition temperature at 506 °C and a crys-
dium borate (InBQ),° where the trivalent atoms can be tallization temperature at 740 ° C; therefore, we can use the
easily substituted for by other impurities for a proper dopingentire glass transition range for the controlled precipitation
of the pure crystal, obtaining promising applicatidAg’he  of quantum dots as nanocrystalline clusters.
bulk or thin-film properties of these oxides can be dramati- In order to determine the local configuration, i.e., if the
cally improved when the material is confined in a matrix in clusters are in a crystalline phase, the nearest-neighbor dis-
the nanometer range, since quantum size effects modify th@nce, the relative coordination number, and similar informa-
relative energy levels. To this end quantum wells, and irtion for some successive shells, we used the Extended X-ray
particular zero-dimension nanocrystégiantum dots have  Absorption Fine StructuréEXAFS) spectroscopy available
been widely studied and realized mainly for laser applicaat the European Synchrotron Radiation FacilifgSRF,
tions and similar optoelectronic devicEs? Of our present  Grenoble, Frande In fact, this technique allows an investi-
studies on cluster confinemerit® here we investigate the gation of the geometrical configuration around the absorbing
growth mechanism of InBQnanocrystals in a glass matrix, In atom, permitting one to distinguish between oxygen, bo-
and in particular the cluster size and size distribution, theon, and indium coordinations; moreover, it is possible to
stoichiometry, and the structure inside and at the interface adetermine the mutual distance related to the eventual distor-
the quantum dot. Indeed, the characteristics of the nanopation of the lattice, i.e., to compressidor expansioh strain
ticles, i.e., the structural, optical, and electrical propertiesinduced in the clusters; finally, another important piece of
strongly depend on the growth details including the thermalnformation obtained by these measurements is the vibra-
treatment. tional and thermodynamical parametéebye-Waller fac-

In order to obtain size-selected quantum dots, differentor and Debye temperatyreand the interface configuration
procedures have been adopted; one of the most suitable is thelated to the phonon coupling with the matix*°The EX-
three-dimensional clustering from a solid solution in aAFS measurements were corroborated by conventional XRD
glass'® As our study concerns the growth of size-selectedx-ray-diffraction spectra both for diluted samples and for
INBO; clusters, it is obvious to choose 3®; oxide as the the reference compounds.
glass matrix. In fact this matrix is an insulating crystalline In the present study we report on an investigation of the
material which undergoes undercooled melt in a wide temstructural and dynamical properties of InB@anoclusters
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TABLE I|. Reference crystalline 03, and InBQ 5.0%. First, second, third, and fourth shells around an
In absorber obtained by the standard diffraction analysis and byeheTt code applied to FT's of the
EXAFS spectra; here the uncertainty for all the coordination numbet9i4, that for the fitted distances is
+0.01 A, and that for the DW factors i 0.0002 AZ2.

Diffraction EXAFS
Crystal Coordination Bond N R (A) N R(A) a?(X10°4 A?)
In,05
| In-O 6.0 2.1706 6.0 2.17 39.0
Il In-In 6.0 3.3601 6.0 3.35 21.0
1l In-In 6.0 3.8085 6.0 3.83 28.0
v In-O 6.0 4.0094 6.0 4.01 38.0
INnBO;
I In-O 6.0 2.1576 6.0 2.157 26.0
Il In-B 6.0 3.0667 6.0 3.07 26.0
1l In-O 6.0 3.3629 6.0 3.37 16.0
v In-In 6.0 3.7908 6.0 3.79 25.0

confined in the matrix for samples in very diluted regime, upc=15.438 A, where In is at the origif0,0,0, oxygen at
to 5.0%. At very low dilution, it was possible to confine in (0.7138, 0, 0.2band boron at0, 0, 0.25. The coordination
the matrix single In@ and InQ molecules, whereas clusters nymbers and distances easily obtained from the crystal struc-
of INBO; were detected in the range 0.1-2.0 %. ture are displayed in Table I. We point out that, although the
first coordination around In is in any case due to six oxygen
atoms, the configuration is quite different between indium
oxide and indium borate; in fact, not only is the first distance
The synthesis of InB@clusters was obtained from high- In-O different between the two oxides, but in addition the
purity constituents (505, indium oxide, and BO3, boron  angle O-In-O changes from 91.9° in the indium borate to
oxide) by controlled melting under an argon atmosphere; ou79.3° in the indium oxide.
procedure was rather simpler than the one reported in Refs. 1 The EXAFS experiment was performed at the GILDA
and 9; we carefully mixed the constituents at the proper conbeamline of ESRF; the radiation was monochromatized and
centration, warming up to 1000°C for about 30 m, andhorizontally focused by a crystal (8iL1) monochromator.
slowly cooling down to room temperature afterwatfls. The beam spot on the sample was 4 mn¥; the energy
Care was taken to obtain only agglomerates of a singleesolution was of the order of 16. X-ray spectra were col-
compound in the matrix, in the present case InB@thout lected around the I edge(27940 eV). The measurements
any precipitate of indium oxide; this is possible in the initial were performed at 77 K, in fluorescence using an ultrapure
indium oxide solute by substituting a trivalent indium atom 13-element Ge multidetector cooled at 77 K; however, the
with a still trivalent boron atom in the chemical formula. A absorption detection was adopted for high concentration
different method should be adopted in order to confin®in  (0.4-5.0 % samples, considering the very low absorbance of
clusters in the boron oxide matrix; this will be the subject ofthe matrix. For reference, a high-purity In foil was used,
a forthcoming paper. As shown below, the measurements ategether with a thin layer of yO; powder polycrystal, and
lowed us to check the composition of each sample, and nan InBO; 5% solid solution. In addition, conventional x-ray-
simultaneous presence of the two compounds was detectediffraction spectra were also collected on each sample, in
We point out, first, the different composition and geometricalorder to test not only the reference materials but also the thin
configuration of the constituents, which should be recalledayers synthesized at several dilution percentages. The nor-
before discussing our results. The bulk crystal structure of amalized EXAFS spectra were analyzed according to a stan-
In,O; sesquioxide is the cubic bixbyiteconfiguration de- dard proceduré®°removing the background by means of a
scribed as an incomplete cubic close packing of oxygen ionsubic spline and fitting the continuous component of the
around the metal; here six oxygen atoms are around a centrgpectrum in thek range. From the raw curves, after normal-
In absorber, at 27LA . Second and third coordination shells, ization and subtraction of the background, we can extract the
of six In atoms each, surround the central In at 3.36 and 3.88XAFS oscillationsy(k). These curves, weighted ik or
A ; the fourth and fifth shells are constituted by 6 oxygen k3, have been Fourier transformed in the rangé
atoms at 4.01 and 421A , respectively. Higher In shells are =3.2-16.5 A~1. Their peaks correspond to the first coor-
at 5.06 and 6.0 A . In contrast, the crystalline configuration dination shell and successive coordination shells due to the
of the InBO; oxide, recently determined by Cox and local average configuration of each sample.
Keszler? is formed by layers of distorted InOoctahedra, First of all, in Fig. 1 we show the EXAFS oscillations
connected to triangular-planar B@nits. The crystal struc- x(k) for the two reference thin layersJ@; and InBG, 5%;
ture is rhombohedral with hexagonal axes4.8217 A and in Fig. 2, the Fourier transform&T) of the y(k) weighted
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FIG. 1. EXAFS oscillations of the reference samples, as a func- Fle i Typical d'IUtei sampIeS'dE;(AFS ﬁscnlatlons as af;mc-
tion of the wave vectok, extracted from the raw spectra after tion of the wave vectok, extracted from the raw spectra after

normalization and background subtraction. For the sake of cI::1r|tynh°rm""|'Zat'on and t;afctkgrounct:l] subtractllcn:i For the ’:?ke of clarkllty,
the curves were shifted in the vertical direction. e curves were shifted in the vertical direction. Also note the

XANES (near-edggregion.

by k® are included; note that the long range of thepectra . o

optimizes the resolution of the Fourier transforms, allowing®ac shell in- the FT, we used ‘an accurate fitting
the separation of adjacent features; these correspond in r joceduré®#*on the EXAFS signal and on the Fourier trans-
space to first, second, and successive coordination shelf@™MS, Wwhich includes curved wave effects, multiple-

around the In absorber. To fully individuate the parameters opcattering paths, and '”e'?‘S“C Ioss_es. Th's fit gives t_he best
values for the parameters involved in this spectroscopic tech-

nique, i.e., the coordination numbkk the relative distance

R, and the Debye-Walle(DW) factor o for each shell. In
order to compare the relative differences between the two
oxides, we used the previous structures for our reference
samples, obtaining the best fits of the parameters character-
izing each shell; these plots are reported in Fig. 2, and the
fitted parameters are included in Table I; an excellent agree-
ment is evident with the geometrical data of the literature. In
/\ addition, the fits allowed a determination of the DW factor,

InBO,

denoting the mean-squared relative atomic displacement for
each shell, also report in Table I.

After a careful check of the reference compounds, we can
2O present the measurements performed on our samples for di-
03 - lutions of 0.1-0.5%, 2.0%, and about 0.05%. This last con-
centration is uncertain by 50%, the others by less than 10%.
The homogeneity of the samples was tested by collecting
spectra on different spots of the sample: no detectable differ-
ence was found by modifying the position of the beam on the
0.4 - sample. In Fig. 3, the EXAFS spectra for our samples are
reported. Looking at this figure, we observe a dramatic dif-

ference between the lowest dilution spectrum and all the oth-
0. z : T = = ers; in fact the 0.05% curve presents only a main frequency,
whereas the others look very similar and show several over-
lapping components. In fact, the Fourier transforms pre-

FIG. 2. Reference samples. Fourier transforaistted ling of ~ Sented in Fig. 4, and compared to the reference compounds,
k3 weightedy(k), together with the fitting curve@ontinuous ling ~ confirm this.
obtained using theerFIT code. The parameters obtained by this (i) Only a single coordination shell is present at the lowest
procedure are reported in Table I. dilution, corresponding to an In-O first peak at 2:08.01 A

Fourier Transform of k> x{k)

0.2 1

R (angstrom)
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contracted with respect to the crystal by 0.067 A ; no other
feature is clearly visible, denoting the presence of small mol-
ecules where In is bound to oxygen in an ordered configura-
tion. The fit of the coordination number and of the DW factor
gives a reduced coordination of 50.2, with a ¢?
=0.0022 AZ?. Taking into account the strong asymmetry of
this oxygen shell, we carried out a more detailed analysis
introducing the fourth cumulant in the fit; as is well known,
this parameter provides information about the shape of the
peak? 24 actually, we obtained a value for this cumulant
C,=1.9x10"° A* indicating, as expected, that the oxygen
environment is strongly distorted.

The strong modification of the EXAFS curve and of the
corresponding FT, appearing for this sample at the lowest
concentration, can also be observed in the raw absorption
curves, just after the threshold, around the XAN&Say-
absorption near-edge spectruregion (Fig. 3); in fact, after
the main peak a feature at 0.1% and 0.5%, missing at the
lowest dilution, is visible; in addition, the following oscilla-
tions display additional structures absent at 0.05%. This is a
clear symptom of a different chemical environment around
the metal absorber with a modified local configuration.

(ii) In contrast to the very diluted concentration, samples
at any other percentage are very close to the InpB@stal-
line solid solution, and preserisee Fig. 4 all the peaks
corresponding to several coordination shells, whose param-
eters are fully reported in Table Il. Here too, the fourth cu-
mulant for the first shell was fitted with a val@@,=—1.0
x10°° A 4. No correlation of this cumulant was observed
with the other three parameters of the same shell. Also note

the different asymmetry with respect to the value obtained at
0 7 ]! T 0.05%.

R (angstrom)

0.01 4

0.01 1

Fourier Transform of K y(k)

&

0.01 0.05%

I1l. DISCUSSION
FIG. 4. Fourier transformsdotted ling of k? weighted y(k),

together with the fitting curve&ontinuous ling obtained using the In contrast with the reference, as already emphasized, for
FEFFIT code, for the same samples as in the previous figure. Théhe diluted sampl€0.05% as a consequence of the dilution
parameters obtained by this procedure are reported in Table II. Thgrocess, in the F{see Fig. 4 we only obtain the first peak,
main peak is due to the oxygen coordination shell around the Inwhich should be ascribed to nearest neighbors of the In cen-
absorber. No other features is clearly visible out of the noise level atral atom; this peak is therefore due to oxygen. However, we
the lowest dilution. The other spectra present the same peaks due édserve a coordination number limited to only five oxygen
the second, third, and fourth shells. Also visible are two other feaatoms, i.e., a “molecular distribution” of InQmolecules

tures arising mainly from higher metal shells which were not fitted.confined in the matrix, with an average coordination reduced

TABLE II. First, second, third, and fourth shells around an In absorber for our diluted samples, obtainedrbyrtheode applied to
FT’s of the EXAFS spectra; here the uncertainty for the coordination number€.is, and that for the lowest dilutior 0.2; for all fitted
distances the uncertainty is0.01 A , that for the DW factors of the first and last shells-i§.0002 A?, and that for the second and third
shells is=0.0008 A2

First shell: In-O Second shell:In-B Third shell:In-O Fourth shell:In-In
Dilution (%) N R (A) ¢?(x10%A? N R (A) % x10%A% N R (A) ¢%(x10%A2) N R (A) o?(x10%A?
0.05 50 2.09 22.0 - - - - - - - - -
0.1 6.0 2.151 33.0 59 3.07 40.0 59 3.37 36.0 5.2 3.80 25.0
0.2 6.0 2.154 38.0 6.0 3.06 41.0 6.0 3.37 26.0 55 3.79 25.0
0.3 6.0 2.153 31.0 6.0 3.06 23.0 6.0 3.37 29.0 54 3.79 21.0
0.5 6.0 2.151 27.0 59 3.05 40.0 6.0 3.34 17.0 55 3.79 26.0
2.0 6.0 2.154 31.0 6.0 3.07 46.0 6.0 3.34 17.0 54 3.80 26.0
5.0 6.0 2.157 26.0 6.0 3.07 26.0 6.0 3.37 16.0 6.0 3.79 25.0
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5000 —— T T——— T T either a solute or a mixed compound can also be excluded,
5% In,0, + 95% B,0, | considering the absence of second and third shells of either

indium, boron, or oxygen.
4000 |- 1 At present, we attribute the molecular confinement to the

strength of the metal-oxygen bonds, which are much stronger
than the metal-metal interaction. Taking into account the
3000 |- . electron negativity of In(1.7) with respect to that of oxygen
(3.5), it is very likely that the trivalent In metal binds to three
or six oxygen atoms in a partially covalent configuration.
2000 |- i Also note the contracted distance In-O for these molecules
bJ \N and the somewhat reduced Debye-Waller factor. These char-

Intensity (arb. units)

I acteristics should be attributed to the modified environment
1000 \‘J around the metal absorber.

Looking now at Figs. 3 and 4, we observe that samples at

- 0.1-0.5% present very similar EXAFS curves, demonstrat-
o N ing that the dilution process has produced, already at 0.1%, a

10 20 30 40 50 60 70 precipitation of small InB@ clusters, since the entire se-

2 theta (6) quence of the indium coordination shells is very comparable

to the indium borate reference. In fact, the fitting analysis

FIG. 5. Diffraction spectrum for the sample at 5% dilution. The (see the corresponding parameters reported in Tahledh-
peaks indicated by the bottom lines are due to IgR®ystalline  firms the presence of a first shell of six oxygen atoms around
precipitates. The highest peaks are due to the boron oxide matrixthe absorber at 251A ; furthermore, the successive shells are

quite evident: in fact, after the first peak due to oxygen, we
to five nearest neighbors; no evidence is found of second dind evidence of a second boron shell, of a third oxygen
higher shells, as can be seen in the flat high tail of the FT shell, and of a fourth indium shell. This last has a somewhat
We point out the following interesting resulisee Table Ii.  reduced coordination with respect to the crystalline IgBO
(i) an average coordination number, limited to only 5 insteadAlso quite clear are other, higher, shells where contributions
of 6, can be simply attributed to the presence of Jradd ~ from oxygen shells and metal shells overlap together with
InOg aggregates roughly with relative percentages of 70%several multiple-scattering contributions due to three or more
and 30%. This interpretation would imply that at the lowestpaths>** For this reason we did not attempt to disentangle
concentration the bonds of the Ip@ctahedra between the these features even though the metal backscattering ampli-
aggregates or with BQunits are broken or at least very tude widely overwhelms the oxygen amplitude.
disordered. However, the confinement of single Jri@ol-
ecules” in the matrix can be due to a metal atom bound in a Cluster radius in angstrom
substoichiometric oxidation state with oxygen; the three oxy- 6 " 18 23 20
gen atoms in turn might be bound to another oxygen or bo- 6 L L L ‘ L
ron atom of the matrix, but without any ordered configura-
tion. This could be an early stage of the breaking of the
solute InpO3 in its small base entities, before the indium
borate clusters precipitate.

The previous conclusion also excludes any possible amor§
phization of the sample at least at short range; in fact, ang
amorphization would imply the full coordination of the first
shell around In, and we should find six oxygen atoms in first.
shell. This is not the case. We can also exclude the amorg
phization of the matrix: in fact, the XRD pattern of these
samples shows all the diffraction peaks of the pus®(see
Fig. 5.

Furthermore, the presence of both in@nhd InG, clusters 24
excludes the formation of any aggregate 0fQg; in this
case, in fact, we should find six oxygen atoms in the first
shell, and second and third shells of In atoms, as in the cor- 1y ————rry ————rrr
responding reference sample. Of course, the size of the ac 10 100 1000
glomerates(and their size distribution, which is averaged
overn could produce a reduction of the second and third co-
ordination numbers, since the cluster surface, interfaced to FiG. 6. Average coordination In-In for InBQrlusters as a func-
the glass matrix, contributes less than the internal In atomsion of the size. The reduction with respect to the bulk value is due
at least as far as the metal coordination is concerned. Theres the surface contribution. The continuous line is a guide to the
fore, at low concentrations, the formation of nanoclusters ogye.

Indium absorber e

ber

rdinatiol

Average ¢

Indium atoms in the InBO, cluster
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It is also worth noting that the fitted coordination number4.93, the third shel(ln-O) one of 4.84 and the fourtfin-In)
of In-In is somewhat reduced, denoting a limited size nanoone of 4.53. A plot of the modification of the average coor-
aggregate; this effect is clearly ascribed to the surface cordination as a function of the size of the cluétef*is re-
figuration, which contributes dramatically less than the interported in Fig. 6. With the experimental values given in Table
nal part of the cluster, as concerns the In-In coordinationl, we therefore calculated the radius of the clusters to be
Conversely, the oxygen coordination is not modified at all,about ® A , where about 2000 indium atoms and 2000 bo-
and this confirms that these agglomerates always have ran atoms reside. In conclusion, the confinement of quantum
complete oxygen shell at their interface with the matrix.  dots was clearly demonstrated in a set of samples, since the
Furthermore, considering the very close values of the paeoordination number of In-In does not change although the
rameters obtained for dilutions differing by a factor of 20, weconcentration increases by an order of magnitude. We have
argue that the size of the clusters distributed in the matribobtained a result concerning the uniform confinement of mo-
does not increase with the percentage of solute, but verlecular InG, and InQ; clusters, using a low dilution of in-
likely reaches a constant value at least in this range of cordium oxide in a glass matrix, and a result concerning the
centration. This is a crucial point for producing a size-confinement of larger InBQquantum dots of 30-A radius, in
selected quantum dot ensemble. a range of dilution where the average size of these clusters
The results presented above demonstrate the possibility @&mains quite stable.
a confinement of clusters of indium borate caused by simple
melting at low con(_:entratiop of indium oxide in.b.oron oxide. ACKNOWLEDGMENTS
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