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The interface effect of InSb quantum dots �QDs� embedded in SiO2 matrix has been investigated by Raman
scattering spectroscopy, x-ray diffraction �XRD�, and x-ray absorption fine structure �both of EXAFS and
XANES�. The EXAFS and XRD results show clearly that the bond length of the Sb-In first shell of the InSb
QDs contracts slightly about 0.02 Å compared with that of the bulk InSb. The Raman scattering spectrum of
the InSb QDs reveals that the lattice contraction partly weakens the phonon confinement effect. The coordi-
nation geometry at the interface of the InSb QDs is mainly Sb �In�-O covalent bridge bonds. The Sb K-XANES
calculations of InSb QDs embedded in SiO2 matrix based on FEFF8 indicate that the intensity increase and the
broadening of the white line peak of Sb atoms are essentially attributed to both the increase of Sb p-hole
population and the change of Sb intra-atomic potential �0�E� affected by the SiO2 matrix. Our results show
that the interface effect between the InSb QDs and the SiO2 matrix leads not only to the slight lattice
contraction of InSb QDs and the large structural distortion in the interface area of InSb QDs, but also to the
significant change of the Sb intra-atomic potential and the obvious charge redistribution around Sb atoms.

DOI: 10.1103/PhysRevB.72.075341 PACS number�s�: 61.46.�w, 79.60.Jv, 61.10.Ht

I. INTRODUCTION

Nanosize materials have attracted considerable attention
because their electronic, optical, magnetic, and chemical
properties differ dramatically from the respective bulk mate-
rials in a size-dependence manner.1–5 The synthesis of semi-
conductor quantum dots �QDs� provides very interesting sub-
stances due to size-dependence or quantum confinement
effect, opening a way to the fabrication of new optoelec-
tronic devices, lasers, and photodetectors.6–11 Especially, due
to the larger exciton Bohr radius and the smaller band gap,
the semiconductor InSb QDs have shown fascinating optical
properties, such as enhanced nonlinear optical response,12

large blueshift of optical absorption edge spectral regime
from the infrared to the ultraviolet,13 and photoluminescence
�PL� wavelength extended to about 2 �m.14–16 This reveals
some potential applications on fabrication of high-
performance optoelectronic devices using the InSb QDs.

There are two important features in the nanometer mate-
rials. One is the quantum/phonon confinement effect �i.e., the
size effect�17,18 and the other is the contribution of the sur-
face and the interface effect.19 In fact, the surface or the
interface environment of nanoparticles �NPs� can substan-
tially modify the structures and the properties of NPs. For
example, Zhang et al. have reported that a reversible struc-
tural transformation of semiconductor ZnS QDs with an av-
erage size of about 3 nm occurs, driven by water on the
surface of ZnS QDs accompanying methanol desorption.20

This indicates that the binding of water to the surface of ZnS
QDs at room temperature leads to a significant structural
modification. Daldoss et al. have studied the interface
region of isolated nanocrystalline Si embedded in SiO2
matrix by x-ray absorption fine structure �XAFS� and
photoluminescence.21 Their results have shown that the in-
terface region is amorphouslike and plays an active role in

the light-emission process. Armelles et al.22 and Zhu et al.23

have reported that the obvious blueshift of Raman peaks
have been observed in the InSb QDs capped by InP and in
the InAs QDs embedded in SiO2 matrix. The strong com-
pressive strains of the InSb QDs and the InAs QDs result in
lattice contractions of InSb and InAs QDs. Recently, we have
investigated the local structure and the electronic distribution
of the metallic Co NPs embedded in C60 matrix by fluores-
cence XAFS.24 It can be found that there are strong interac-
tions between the Co NPs and the C60 matrix, and the elec-
trons are transferred from Co atoms to C60 molecules.
Similarly, Zhang et al.19 have done a systematic study on the
local structure and the electronic behavior of alkanethiolate-
capped metallic Au NPs with XAFS, x-ray powder diffrac-
tion �XRD�, and x-ray photoemission spectroscopy �XPS�.
They have noted that the lattice contraction and the d elec-
tron depletion of Au NPs relative to the bulk Au increase
with the decrease of NP size. More recently, a direct obser-
vation of ferromagnetic spin polarization in Au nanoparticles
has been reported by Yamamoto et al.25 for the interaction
between the surface of the Au nanoparticles and the polymer.
Therefore, the local structures, the electronic behaviors and
the optical properties of NPs depend strongly on the interac-
tion between NPs and the capped materials or the embedded
matrix. Although the interface effect plays a crucial role in
the capped-NP materials and the semiconductor InSb QDs
exhibit novel optical properties, little is known about the
atomic structures and the interactions between the InSb QDs
and the SiO2 matrix. This is due largely to the difficulty in
fluorescence XAFS measurement of InSb and the complexity
of the interface structure of NPs. Fortunately, the application
of the high-brilliance and high-energy synchrotron radiation
light source in SPring-8 with the energy of 8 GeV in storage
ring makes it possible for the Sb K-edge fluorescence XAFS
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measurement using a 19-element high purity Ge solid detec-
tor.

In this approach, we combine the Raman scattering �RS�
spectroscopy, XRD, and fluorescence XAFS to probe the
atomic structures of the InSb QDs and the interaction be-
tween the InSb QDs and the SiO2 matrix. The x-ray absorp-
tion near-edge structure �XANES� simulation based on FEFF8

is employed to investigate how SiO2 matrix affects the Sb
K-edge XANES spectrum of the InSb QDs embedded in
SiO2 matrix.26 We focus mainly on the bridge bonds between
the interface of InSb QDs and the SiO2 matrix, and the
changes of the atomic structure and the electronic redistribu-
tion caused by the interaction between the InSb QDs and the
SiO2 matrix.

II. EXPERIMENTAL

The thin film of semiconductor InSb QDs embedded in
SiO2 matrix grown on a Si �111� substrate was prepared by
magnetron sputtering using codeposition method. The base
pressure of the growth chamber was 2.0�10−4 Pa. The tar-
get was SiO2 quartz plate of 61mm in diameter on which six
small chips of single crystal InSb with a high purity of
99.999% were mounted. The cosputtering was carried out at
an Ar pressure of 3.0�10−1 Pa. During the codeposition, the
temperature of Si substrate was kept at 573 K. The thickness
of the thin film for the InSb QDs embedded in SiO2 matrix
was about 1 �m.

The RS spectra of InSb QDs and bulk InSb samples were
obtained at room temperature in the backscattering configu-
ration on a LABRAM-HR Raman spectrophotometer using
the 514.5 nm line of an Ar+ laser. The XRD patterns of the
InSb QDs and the mixture of polycrystalline InSb and Si
powder were recorded on a MXPAHF x-ray diffractometer
using Cu K� x-ray source ��=0.154056 nm� in the range of
2�=20°–50°.

The Sb K-edge XAFS spectra of InSb samples were mea-
sured at BL01B1 XAFS station of SPring-8 of Japan Syn-
chrotron Radiation Research Institute.27 The electron energy
was 8 GeV with a maximum current of 100 mA. The high
brilliance x-ray light source covering a wide energy range
�4−110 keV� was coming from the bending magnets. A
fixed-exit Si �311� two-flat crystal was used as monochro-
mator. For the higher harmonics rejection an Rh-coated

quartz mirror was used. The XAFS data of InSb QDs em-
bedded in SiO2 matrix grown on Si �111� substrate were
collected by fluorescence XAFS with a 19-element high-
purity Ge solid detector at room temperature, and the XAFS
data of InSb powder were collected in transmission mode
using ion chambers filled with the mixed gas of Kr/Ar.
XAFS data were analyzed by USTCXAFS3.0 �Ref. 28� and
UWXAFS3.0 codes.29

III. RESULTS

The RS spectra of the InSb QDs and the bulk InSb are
shown in Fig. 1. It can be observed that two Raman peaks
corresponding to transverse-optic �TO� and longitudinal-
optic �LO� modes appear in the RS spectrum located at 178.3
and 188.0 cm−1 for the bulk InSb, respectively. Similarly,
there are two Raman peaks located at 177.2 and 185.5 cm−1

in the RS spectrum of the InSb QDs. Compared with the
bulk InSb, the positions of RS peaks labeled with TO and LO
for the InSb QDs shift to lower frequency by 1.1 and
2.5 cm−1, respectively, and the LO peak of the InSb QDs
almost disappears. Both the redshift and the asymmetric

FIG. 1. Raman scattering spectra. �a� As-deposited thin film of
InSb QDs. �b� Bulk InSb.

FIG. 2. �a� Sb K-edge EXAFS functions k2��k� of the bulk InSb
and the InSb QDs. �b� Fourier transformations �FTs� of the bulk
InSb and the InSb QDs.

FIG. 3. Fitting curve of Fourier transformations �FTs� for the
InSb QDs.
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broadening towards the low-frequency side have been found
for the InSb QDs, showing a strong phonon confinement
effect in the InSb QDs embedded in SiO2 matrix. This is in
good agreement with these results reported by Child et al.,16

Shi et al.,30 and Richter et al.31

The Sb K-edge EXAFS functions k2��k� and their Fourier
transformations �FTs� of the bulk InSb and the InSb QDs are
shown in Figs. 2�a� and 2�b�, respectively. It can be observed
from Fig. 2�a� that the positions of the oscillation peaks of
k2��k� function of the InSb QDs are nearly the same as those
of the bulk InSb; whereas the intensities of the oscillation
peaks of the InSb QDs are evidently different from those of
the bulk InSb in the range of 3.1 to 7.7 Å−1. The intensities
of the oscillation peaks located at 2.9, 3.9, and 5.3 Å−1 for
the InSb QDs decrease obviously compared with those of the
bulk InSb. Especially, the intensity of the peak located at
5.3 Å−1 for the InSb QDs is about 60% weaker than that of
the bulk InSb. On the contrary, the intensity of the peak
located at 6.4 Å−1 for the InSb QDs is about 35% larger than
that of the bulk InSb. However, Fig. 2�b� shows that the FT
main peak position �R=2.60 Å� of the Sb-In first shell of the
InSb QDs is identical with that of the bulk InSb. The shoul-
der peak at 2.20 Å for both the InSb QDs and the bulk InSb
originates from the nonlinearity of the phase shift function of
backscattering atom In. The intensity of the main peak of the
InSb QDs drops significantly by about 25%, relative to that
of bulk InSb. In addition, a small peak corresponding to the
Sb-O first shell appears at about 1.60 Å for the InSb QDs.

To obtain the structural parameters of InSb QDs, the least-
squares curve fitting was performed for the EXAFS data
analysis using the UWXAFS3.0 code.29 The theoretical ampli-
tude functions and phase shifts were calculated by FEFF8. In
order to investigate the moderate disorder and the anharmo-
nicity of the Sb-In pair of the InSb QDs, the cumulant ex-
pansion up to the fourth-order terms was employed to fit the
EXAFS curve of the InSb QDs in the R range of 0.79 to

3.01 Å using the Sb-In first shell and the Sb-O first shell
based on the method reported by Dalba et al.32 and
Newville.33 The anharmonic mean force potential V�R� of
the Sb-In first shell can be reconstructed from the first four
cumulants. S0

2 was set at 0.98. The EXAFS fitting results are
summarized in Table I and the FT fitting in R space and the
anharmonic mean force potential V�R� of the bulk InSb and
the InSb QDs are shown in Fig. 3 and 4, respectively.

Seen from Table I, the bond length RSb-In and the coordi-
nation number N of the Sb-In first shell for the bulk InSb are
2.81 Å and 4.0, respectively. According to the relations be-
tween the first four cumulants and the force constants a, b
and c of the anharmonic mean force potential V�R�,32,33 one
can easily evaluate the anharmonic force constants
a=5.27 eV/Å2, b=−1.30 eV/Å3, and c=1.11 eV/Å4.
Meanwhile, it can be found that the structural parameters of
InSb QDs are significantly different from those of the bulk
InSb. The bond length RSb-In of the Sb-In first shell of the
InSb QDs is 2.79Å, slightly contracted in comparison with
that of the bulk InSb. The coordination number NSb-In of the
Sb-In first shell of the InSb QDs reduces to 2.8. Hence, the
anharmonic force constants are a=4.54 eV/Å2,
b=−1.13 eV/Å3, and c=3.68 eV/Å4. As shown in Fig. 4, it
can be directly observed that for the InSb QDs, the V�R� is
evidently asymmetrical and the minimum of V�R� shifts
slightly to the left side. Moreover, a strong Sb-O coordina-
tion appears in the first shell around the Sb atoms of the InSb
QDs, which is due to the surface interaction between the
InSb QDs and the SiO2 matrix. The average bond length
RSb-O and the coordination number NSb-O of the Sb-O first
shell are 1.86 Å and 1.0 for the InSb QDs, respectively.

The XRD patterns of the InSb QDs and the bulk InSb are
shown in Fig. 5. The bulk InSb is mixed with crystalline Si

FIG. 4. Anharmonic mean force potential V�R� of the Sb-In first
neighbor for the bulk InSb and the InSb QDs.

TABLE I. The EXAFS fitting parameters of the bulk InSb and the InSb QDs.

InSb Band type N R �R 	2�10−3 Å� C3�10−5 Å� C4�10−5 Å� �E0�eV�

Bulk Sb-In 4.0 2.81 –7.51 5.04 3.39 0.174 4.4

QDs Sb-In 2.8 2.79 –15.4 5.59 3.22 2.35 1.8

Sb-O 1.0 1.86 –118 3.63 −70.8 146 4.6

FIG. 5. XRD patterns of as-deposited thin film of InSb QDs
�solid line�, in which the �111� diffraction peak of silicon is from the
Si substrate, and mixture of both InSb and Si powder �dotted line�.
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powder to calibrate the diffraction peak positions of the InSb
QDs and the bulk InSb. It can be seen that there are obvious
shifts up to high 2� direction in the �111�, �220�, and �311�
diffraction peaks of the InSb QDs. This indicates that the
lattice of the InSb QDs �or the InSb nanocrystals� embedded
in SiO2 matrix contracts evidently. The average lattice con-
traction of the InSb QDs is about 0.51%, relative to that of
the bulk InSb. The average size of InSb QDs can be esti-
mated as about 30 nm by Scherrer formula,34 in which the
integral breadths are evaluated after the separation of the �2
component and corrected for instrumental broadening.

IV. XANES SIMULATION

The Sb K-edge experimental XANES spectra of the bulk
InSb and the InSb QDs are shown in Fig. 6�a�. Compared
with those of bulk InSb, the intensity and the width of the
“white line” peak of the InSb QDs increases. In order to
investigate the XANES spectrum, we have attempted to
model a realistic InSb QDs embedded in SiO2 matrix by
placing a InSb cluster into a SiO2 matrix with the embedding
structure in which the interface structure between the InSb
QD and the SiO2 matrix is simply treated and only those
Sb-O bridge bonds with the distance larger than 1.86Å are
reserved. Seen from Fig. 5, no diffraction peaks of crystalline
SiO2 appear in the XRD pattern of the InSb QDs. It means
that the SiO2 matrix exists in the form of amorphous struc-
ture. Hence, for the purpose of simulating the XANES spec-
trum of the InSb QDs embedded in the amorphous SiO2
matrix, we modify the coordination geometry of Si and O
atoms in SiO2 matrix as a random Gaussian function distri-
bution using the perfect crystalline structure of SiO2.35 The
structural parameters of the InSb QDs are based on the

EXAFS fitting results in Table I. A cluster size with the di-
ameter of 18.2 Å is used for the XANES calculations. The
cluster of InSb QD includes a six-shell InSb cluster �i.e., 43
Sb and 28 In atoms� with a size of 8.0 Å and several neigh-
bor shells of Si and O atoms �i.e., 74 atoms� in SiO2 matrix.
In the FEFF8 code, the Hedin-Lundqvist model of exchange
potential with a 1.8 eV shift and no additional broadening is
used for calculation. The calculations are carried out using
initial ground-state potentials without a core hole. A NO-
HOLE card is used to further improve the shape of the white
line peak. Thermal disorder at room temperature �300 K� is
treated with the correlated Debye model for the bulk InSb.

In order to reproduce the entire fine structure of the Sb
K-edge XANES �K-XANES� of the bulk InSb, the size de-
pendence of the Sb K-XANES spectrum needs to be inves-
tigated in detail. The structural model of InSb cluster in the
one-shell calculation is composed of the central Sb atom and
the surrounding In tetrahedron. Each subsequent calculation
includes the next coordination shell around the central Sb
into the cluster. For all these clusters, the cluster radius of the
self-consistent field �SCF� calculation was determined as 9.1
Å, only the cluster radius of full multiple-scattering �FMS�
increases with the coordination shells gradually. The Sb
K-XANES spectra with clusters of various neighbor shells
are shown in Fig. 7. It can be found that a cluster including
at least 5 shells �i.e., 19 Sb and 28 In atoms� must be taken
into account for reproducing all fine structures of the Sb
K-XANES of the bulk InSb. Therefore, it is reasonable that
an InSb sphere cluster with 6 shells �i.e., 43 Sb and 28 In
atoms� was selected as the model of InSb QDs for a realistic
InSb QD embedded in SiO2 matrix. Four calculations were
performed for the absorber Sb atom at the position of the
center of InSb sphere cluster, the second shell, the fourth
shell, and the sixth shell. The cluster radii of the FMS and
SCF calculations were 8.0 and 9.1 Å, respectively. This is
adequate to obtain sufficiently accurate scattering potential

FIG. 6. �a� Sb K-XANES experiment spectra of the Bulk InSb
and the InSb QDs. �b� Sb K-XANES calculated-spectrum of the
bulk InSb concluding 239 atoms and the average spectrum of six-
shell InSb QDs for the Sb absorber atom at center, second shell,
fourth shell and sixth shell of the six-shell InSb cluster.

FIG. 7. Sb K-XANES calculated-spectrum of the InSb clusters
with different coordination shells.
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of the SiO2 matrix. Finally, the average of the four Sb
K-XANES spectra was carried out with the weight of the
corresponding numbers of Sb atoms. One can see clearly in
Fig. 6�b� that the trend of the experiment Sb K-XANES of
the InSb QDs has been reproduced quantitatively by the cal-
culated spectrum of InSb QDs embedded in SiO2 matrix.

To explore the changes that occur in the Sb K-XANES of
the InSb QDs embedded in SiO2 matrix well, we have cal-
culated two kinds of Sb K-XANES spectra of a six-shell
InSb cluster for comparison. One is a naked six-shell InSb
cluster, in which both radii of FMS and SCF calculations are
8.0 Å. The other is a six-shell InSb cluster embedded in SiO2
matrix, in which the cluster radius of FMS calculation is the
same as that of the naked six-shell InSb cluster �i.e., 8.0 Å�
and the cluster radius of the SCF calculation is 9.1 Å. It
needs be mentioned that the cluster with the radius of 9.1 Å
is adequate to obtain sufficiently accurate potential of the
SiO2 matrix. Figure 8 demonstrates the calculated spectra for
the naked six-shell InSb cluster and the six-shell InSb cluster
embedded in SiO2 matrix, their corresponding atomic back-
ground �0, and the bulk InSb model with 239 In and Sb
atoms �i.e., 135 Sb and 104 In atoms�.

V. DISCUSSION

The sharp diffraction peaks in Fig. 5 indicate that the InSb
QDs are crystallized quite well, revealing that the growth
temperature of 573 K is feasible to form nanocrystalline
InSb. Since the preparation conditions of our InSb QDs are
similar to those reported by Shi et al.,36 in which their TEM
image has shown that the average size of uniform InAs
grains grown on Si �111� at 573 K is about 8 nm, we may
consider that the grains of InSb QDs with the size of about
30 nm are relatively uniform. Moreover, the XRD pattern of
our InSb QDs sample displays that no Sb-oxide �Sb2O3 or
Sb2O5� phase appears.

Table I shows the structural parameters of InSb QDs em-
bedded in SiO2 matrix. The R ,N, and Debye-Waller factor
	2 of the Sb-In first shell of the InSb QDs are 2.79 Å, 2.8,
and 0.00559 Å2, respectively. The RSb-In �2.79 Å� of the InSb
QDs is about 0.02 Å smaller than that of the bulk InSb. In

addition, Fig. 5 shows that the positions of three XRD dif-
fraction peaks of the InSb QDs shift obviously up to high 2�
direction, indicating that the lattice of the InSb QDs embed-
ded in SiO2 matrix shrinks slightly with respect to that of the
bulk InSb. It is well known that there are mainly two forces
affecting the nanocrystals embedded in SiO2 matrix.22,30,31,37

One is the thermal expansion force caused by the mismatch
of the different thermal expansion coefficient of InSb and
SiO2, and the other is the interface covalent force originated
from Sb-O bridge bonds because the binding energy of Sb3d
is close to that of O1s. Therefore, the resultant interaction
force on the InSb QDs by the SiO2 matrix is considered as
the compressive strain. The lattice contraction of the InSb
QDs obtained from EXAFS and XRD results reveals that the
local structure of the InSb QDs has substantially been modi-
fied by the SiO2 matrix due to both the compressive strain on
InSb QDs by the SiO2 matrix and the minimization of InSb
QDs surface energy by distorting as well as shrinking. The
Debye-Waller factor 	2 of the Sb-In first shell of the InSb
QDs is notably larger than that of the bulk InSb, indicating
the presence of the lattice distortion in InSb QDs. Further-
more, the slight left shift and the obvious asymmetry distri-
bution for the anharmonic mean force potential V�R� of the
InSb QDs imply that the local structure of InSb QDs is ob-
viously distorted. In contrast, the sharp XRD diffraction
peaks without obvious broadening as shown in Fig. 5 display
the highly crystalline appearance in InSb QDs, suggesting
the preservation of long-range order in the InSb QDs. There-
fore, we consider that the enhancement of disorder in InSb
QDs is mainly attributed to the structural distortion of inter-
face area. Similarly, these results have reported by Fujii et
al.,37 Armelles et al.,22 Ankudinov et al.,38 and Gilbert et
al..39

Compared with that of bulk InSb, the intensity of the
Sb-In first coordination peak of the InSb QDs as shown in
Fig. 2�b� remarkably drops by about 25%. Moreover, a small
peak corresponding to the Sb-O nearest neighbors appears at
about 1.60 Å. We consider that the small peak of Sb-O shell
is contributed by the Sb-O bridge bonds between the inter-
face of InSb QDs and SiO2 matrix, since no Sb oxide phases
appear in the XRD pattern and the Sb K-XANES spectrum
of the InSb QDs. Furthermore, as shown in Table I, the R ,N,
and Debye-Waller factor 	2 of the Sb-O nearest neighbors of
the InSb QDs are 1.86 Å, 1.0, and 0.00363 Å2, respectively.
The large ratio �about 36%� of Sb-O to Sb-In coordination
number in the first shell of the InSb QDs embedded in SiO2
matrix shows further that there are strong Sb-O bridge bonds
between the interface of InSb QDs and the SiO2 matrix. The
Sb-O bond length R=1.86 Å reveals unambiguously that the
bridge bonds are Sb-O covalent bonds.

Although the average size of the InSb QDs is about 30
nm, which is much bigger than the average size of about 8
nm for the InAs QDs reported by Zhu et al.,23 the RS results
indicate that the phonon confinement effect of the InSb QDs
is still strong enough. On the other hand, the lattice contrac-
tion of the InSb QDs can lead to blue shift of RS spectrum.22

According to Grüneisen parameter 
=−� ln � /� ln V, one
can easily estimate the blueshift of phonon frequencies.35

The measured Grüneisen parameter for TO mode has the
common value of 
=1.41 for InSb.40 Our EXAFS and XRD

FIG. 8. Effect of the SiO2 matrix on the InSb cluster. Calcula-
tions for a six-shell InSb cluster with �dash–dot-dotted line and
dashed line for its �0� and without �dotted line and dash-dotted line
for its �0� SiO2 matrix, as well as an InSb cluster with 239 atoms
for comparison �solid line� normalized at 50 eV above the edge.
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results show that the bond length RSb-In of the Sb-In first
shell of the InSb QDs contracts by about 0.02 Å, the blue-
shift of TO phonon frequency should be, therefore, estimated
as 3.9 cm−1. Because the total redshift of TO phonon fre-
quency is about 1.1 cm−1 as shown in Fig. 1, the redshift of
the TO phonon frequency due to the phonon confinement
effect of the RS spectrum for the InSb QDs embedded in
SiO2 matrix should actually be about 5.0 cm−1. This result is
in good agreement with those reported by Armelles et al.22

and Zhu et al..23 The phonon confinement effect can be sig-
nificantly reduced by the accompanying interface effect due
to the lattice contraction of InSb QDs.

As seen in Fig. 7, although the two-shell InSb cluster with
17 atoms �i.e., 13 Sb and 4 In atoms� can almost reproduce
the features of the Sb K-XANES of the bulk InSb, at least
five-shell InSb cluster with 47 In and Sb atoms need to be
taken into account to simulate the entire fine structures of the
Sb K-XANES of the bulk InSb. The calculated spectrum of
InSb cluster with 167 In and Sb atoms is completely identi-
cal with that of InSb cluster with 239 In and Sb atoms. To
simulate the possible presence of InSb QDs embedded in
SiO2 matrix, we have considered an average of Sb
K-XANES for the six-shell InSb cluster surrounded by SiO2
framework. The results in Fig. 6 indicate that the average Sb
K-XANES of the six-shell InSb cluster embedded in SiO2
matrix can excellently reproduce the experimental spectrum
of the InSb QDs. To further investigate the contribution of
the multiple scattering from the SiO2 matrix to the changes
of the white line peak, we have simulated a six-shell InSb
cluster with and without SiO2 matrix. Seen in Fig. 8, the
six-shell InSb cluster �71 atoms� embedded in SiO2 matrix
can give a similar Sb K-XANES spectrum to that of a InSb
cluster with 239 atoms. The naked six-shell InSb cluster, in
contrast, shows almost the same shape of the Sb K-XANES
spectrum as the bulk InSb. These results suggest that the
changes of the white line peak for the InSb QDs embedded
in SiO2 matrix are not caused by the multiplescattering from
the SiO2 embedding matrix. Meanwhile, another striking fea-
ture can be noted that the peak corresponding to the white
line region of the atomic background �0�E� for the six-shell
InSb cluster with SiO2 matrix is much higher and wider than
that of the naked six-shell InSb cluster. The difference be-
tween the calculated Sb K-XANES for the six-shell InSb
cluster with and without SiO2 matrix is mainly caused by
their atomic background absorption �0�E� or the
AXAFS.41–43 This feature exhibits evidently that the change
in the white line peak of the Sb K-XANES for the InSb QDs
embedded in SiO2 matrix is primarily a local single-site ef-
fect on �0�E� due to the effect of SiO2 matrix on Sb intra-
atomic �or embedded atom� potential, and the Sb-O bridge
bonds affect indirectly the spectra through the induced
changes of the local potential around Sb atoms. Similarly,
Ankudinov et al. have reported that the �0�E� of Pt NPs is
affected by the absorbed hydrogen.44

The white line peak of the Sb K-XANES of the InSb
sample is attributed to the Sb 1s→5p dipole transition. The
integrated white line intensity of K-XANES is commonly
associated with the number of the unoccupied np electrons.45

Since the electronegativity of O atom is notably greater than
that of Sb atom, the obvious charge transfer is expected due

to the presence of about 26% covalent Sb-O bridge bonding
between InSb QDs and SiO2 matrix. Hence, the change in
5p-electron occupation of the Sb atoms should not be negli-
gible. Our XANES calculations from FEFF8 show that the
5p-electron occupation of the absorber Sb for the six-shell
InSb cluster with and without SiO2 matrix is about
2.827 e / atom and 3.006 e / atom, respectively. It means that
about 0.179 e / atom charge transfers from the 5p electron of
the absorber Sb to the 2p of the O backscattering atom. This
result reveals that the intensity increase of the white line
peak for the InSb QDs embedded in SiO2 matrix comes
partly from the increase in 5p-hole population �p-electron
depletion of Sb atoms in the InSb QDs�, which is in good
agreement with the electronegativity consideration. There-
fore, the interface effect between the InSb QDs and the SiO2
matrix can alter the 5p-hole population of Sb atom, and en-
hance the intensity of the white line peak of the Sb
K-XANES spectrum for the InSb QDs embedded in SiO2
matrix.

VI. CONCLUSION

In this work the interaction between the InSb QDs and
SiO2 matrix has been investigated by means of RS, XRD,
and XAFS. The results of EXAFS and XRD show clearly
that the Sb-In bond length of the first shell of the InSb QDs
contracts slightly by about 0.02 Å compared with the value
in InSb bulk, due to the compressive strain imposed on the
InSb QDs by the SiO2 matrix and the lattice distortion to
minimize the surface energy. Furthermore, the lattice con-
traction partly weakens the phonon confinement effect in RS
spectrum. The EXAFS results reveal unambiguously that the
bridge bonds between the interface of the InSb QDs and the
embedding matrix SiO2 are mainly Sb �In�-O covalent
bonds. The structural disorder in InSb QDs is increased, and
the mean force potential V�R� exhibits obvious shape asym-
metry. This can be attributed to the strain-induced structural
distortion of interface that arises from the competing at-
tempts of the structurally diverse terminating surfaces that
encompass the InSb QDs to adopt lower energy configura-
tions. The Sb K-XANES simulations of InSb QDs embedded
in SiO2 matrix show that the intensity increase and broaden-
ing of the white line peak are mainly due to the increase of
Sb p-hole occupation and the change of Sb intra-atomic po-
tential affected by the SiO2 matrix. Therefore, the interaction
between the InSb QDs and SiO2 matrix not only leads to the
slight lattice contraction of InSb QDs and obvious structural
distortion of interface, but also results in the significant
change of the Sb intra-atomic potential and the obvious
charge redistribution of Sb atoms.
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