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A combination of conventional and synchrotron-based techniques has been used to characterize the size-
dependent structural and thermal properties of Ge nanocrystals �NCs� embedded in a silica �a-SiO2� matrix. Ge
NC size distributions with four different diameters ranging from 4.0 to 9.0 nm were produced by ion implan-
tation and thermal annealing as characterized with small-angle x-ray scattering and transmission electron
microscopy. The NCs were well represented by the superposition of bulklike crystalline and amorphous
environments, suggesting the formation of an amorphous layer separating the crystalline NC core and the
a-SiO2 matrix. The amorphous fraction was quantified with x-ray-absorption near-edge spectroscopy and
increased as the NC diameter decreased, consistent with the increase in surface-to-volume ratio. The structural
parameters of the first three nearest-neighbor shells were determined with extended x-ray-absorption fine-
structure �EXAFS� spectroscopy and evolved linearly with inverse NC diameter. Specifically, increases in total
disorder, interatomic distance, and the asymmetry in the distribution of distances were observed as the NC size
decreased, demonstrating that finite-size effects govern the structural properties of embedded Ge NCs.
Temperature-dependent EXAFS measurements in the range of 15–300 K were employed to probe the mean
vibrational frequency and the variation of the interatomic distance distribution �mean value, variance, and
asymmetry� with temperature for all NC distributions. A clear trend of increased stiffness �higher vibrational
frequency� and decreased thermal expansion with decreasing NC size was evident, confirming the close
relationship between the variation of structural and thermal/vibrational properties with size for embedded Ge
NCs. The increase in surface-to-volume ratio and the presence of an amorphous Ge layer separating the matrix
and crystalline NC core are identified as the main factors responsible for the observed behavior, with the
surrounding a-SiO2 matrix also contributing to a lesser extent. Such results are compared to previous reports
and discussed in terms of the influence of the surface-to-volume ratio in objects of nanometer dimensions.
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I. INTRODUCTION

Intensive research has been directed toward nanomaterials
and related phenomena in recent years due to the intriguing
new properties observed at this scale and the corresponding
potential for new technological applications. In particular, Ge
nanocrystals �NCs� are of interest given their ability to emit
light1 �controversies on the origin of the phenomenon
notwithstanding2� and store carriers.3 As a consequence, Ge
NCs are promising candidates for novel optoelectronic and
nonvolatile memory device applications.

The growth and/or characterization of Ge NCs have been
extensively reported.1–23 The two main routes to producing
NCs are chemical methods �see Ref. 4, for example�, usually
yielding freestanding or solution-dispersed NCs, and physi-
cal methods �see Refs. 1 and 5–8, for example�, typically
yielding NCs embedded in �or deposited on� a solid matrix.
The properties of embedded NCs are expected to be gov-
erned by their size given the absence of chemical interaction

with ligands or surfactants.24 Furthermore, superior mechani-
cal, thermal, and/or chemical stability is generally achieved
with NCs embedded in a matrix. Among the physical meth-
ods, ion implantation is a versatile and well-established
means of producing both metallic and semiconductor
NCs.25,26 Thermally grown silica �a-SiO2� is usually the ma-
trix of choice given the advantages of stability, a relatively
inert nature, and compatibility with Si-based electronics.

The electronic and vibrational densities of states of a
small cluster are very sensitive to the number of atoms con-
tained therein. Thus size is expected to have profound impact
not only on the structural properties of Ge NCs but also on
the melting temperature,27 heat capacity,28 and superconduct-
ing transition temperature,26 all of which depend on the vi-
brational dynamics of the NCs. Size effects can depend on:
�i� the number of surface atoms relative to the total number
of atoms �or equivalently the surface-to-volume ratio�, ex-
pected to scale with D−1 or N−1/3, where D and N are the
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diameter and total number of atoms, respectively; or �ii�
quantum phenomena �which scale with D−2� originating from
the discreteness of electronic states and band-gap variation
with NC size.29,30 The need for systematic size-dependent
studies is thus paramount in identifying and quantifying the
evolution of the properties of NCs as a function of their
dimensions.

For this report we study the size-dependent structural and
thermal properties of Ge NCs grown in an a-SiO2 matrix by
ion implantation and thermal annealing. A combination of
conventional techniques �Rutherford backscattering spec-
trometry �RBS�, transmission electron microscopy �TEM�,
and Raman spectroscopy� and synchrotron-based methods
�x-ray-absorption near-edge structure �XANES�, extended
x-ray-absorption fine-structure �EXAFS�, and small-angle
x-ray scattering �SAXS� spectroscopies� has been utilized for
characterization purposes. RBS was used to measure the
depth distribution of Ge atoms, while TEM and SAXS
yielded the NC size distribution. XANES measurements al-
lowed quantification of the amorphous and crystalline frac-
tions in the Ge NCs, while Raman spectroscopy was applied
to qualitatively support the TEM, SAXS, and XANES re-
sults. Finally, the structural parameters for the first three
nearest-neighbor �NN� shells surrounding a Ge absorber
were determined with EXAFS. By combining results from
these complementary techniques, we achieved a detailed pic-
ture of the size-dependent structural properties of Ge NCs.
Our study indicates that Ge NCs embedded in a-SiO2 re-
tained a bulklike crystalline core with a thin amorphouslike
Ge layer separating the core and amorphous silica matrix.
The structural parameters of the first three NN shells scaled
linearly with the inverse NC diameter, demonstrating that
finite-size effects govern the structural properties of these
embedded Ge NCs.

By performing temperature-dependent EXAFS measure-
ments, it is possible to obtain accurate information on the
variation of the mean value �interatomic distance�, variance
�Debye-Waller factor�, and asymmetry �third cumulant� of
the first-shell interatomic distance distribution in the mea-
sured temperature range. The thermal expansion, thermal and
structural contributions to total disorder �and mean vibra-
tional frequency� and anharmonicity of the effective pair po-
tential, respectively, can be extracted from the experimental
data by adequate combination of a correlated Debye or Ein-
stein model and thermodynamic perturbation theory.31–34

Fornasini and co-workers31,32 recently reviewed advances on
the use of EXAFS in studying thermal/vibrational properties
of crystalline materials and highlighted the differences be-
tween parameters measured by EXAFS and Bragg scattering
�x-ray diffraction �XRD��. We have previously shown that
this well-established approach can be extended to the study
of elemental metal and semiconductor NCs embedded in
a-SiO2.35,36 Here we further advance the study for Ge NCs,
evaluating the effect of Ge NC size on the thermal/
vibrational properties. EXAFS measurements were also per-
formed on bulk crystalline Ge �c-Ge� and amorphous Ge
�a-Ge� to allow the crystalline-nanocrystalline-amorphous
comparison.

Details of the experimental conditions are found in Sec.
II. Section III presents the results and discussion, and con-
clusions are summarized in Sec. IV.

II. EXPERIMENTAL DETAILS

Ion implantations of 2.0 MeV 74Ge+1 ions to a fluence of
1�1017 cm−2 were performed at liquid-nitrogen tempera-
ture into 2.0-�m-thick a-SiO2 layers grown on Si �100� wa-
fers by wet thermal oxidation. Samples were then annealed
under forming gas �5% H2 in N2� with one of these four
different temperature/time combinations: 1060 °C /1 h,
1100 °C /0.33 h, 1100 °C /1 h, or 1100 °C /10 h. Ge NC
formation and growth resulted in all cases.

RBS measurements were performed with 3.5 MeV 4He+2

ions and a Si surface-barrier detector positioned at a scatter-
ing angle of 168°. RBS spectra were analyzed with the RUMP

program.37

Cross-sectional TEM images were acquired in bright-field
mode using a Philips CM300 FEI microscope and 300 keV
electrons. Samples were prepared with a standard ion-beam-
milling protocol.

Transmission SAXS measurements were performed at
beamline 15ID-D of the Advanced Photon Source, USA, us-
ing a camera length of 1870 mm and 11.3 keV x rays. Scat-
tering images were recorded with a MAR-165 charge
coupled device �CCD� detector at an exposure time of 5 s.
Data were analyzed with the IRENA 2 package38 based on a
maximum entropy method.39,40 SAXS samples were pre-
pared so as to eliminate scattering from the substrate and
enable quantitative comparison between samples with differ-
ent NC concentrations. The Si substrate thickness was first
reduced from 540 to 100 �m by mechanical grinding. A
concavity was then formed at the back of the Si substrate
with dimple grinding, yielding a residual thickness of
20 �m at the concavity center. The sample was then chemi-
cally etched in 12.5M KOH �selective to Si� until a 1 mm
diameter hole was formed at the concavity center below the
a-SiO2 layer. A self-supporting, substrate-free SAXS sample
of the NC-containing a-SiO2 layer was thus obtained.

Raman spectroscopy was performed with a Dilor Super
Labram spectrometer equipped with a liquid-nitrogen-cooled
CCD detector. Samples were illuminated with the 514.5 nm
line of an Ar+1 ion laser with an Olympus 2 �m objective
used to focus the laser and collect scattered light. With our
SAXS sample preparation method described above, the com-
mon Raman artifact16,17 near �300 cm−1 resulting from the
overlap of the transverse-acoustic second-order peak for Si
and the first-order optical peak for Ge was completely elimi-
nated without the need to use special measurement geom-
etries �crossed polarization�16 or posterior subtraction of
spectra.15

XANES/EXAFS measurements at the Ge K edge �11.103
keV� were performed at eight different temperatures in the
range of 15–300 K at beamline 20-B of the Photon Factory,
Japan. Measurement temperatures were stable to �1 K.
Fluorescence spectra were recorded with a 6�6 Ge pixel
array detector. For energy calibration, a bulk crystalline Ge
reference foil was measured simultaneously in transmission
mode. The Si �111� monochromator was detuned by 50% for
harmonic rejection. XANES/EXAFS samples were also pre-
pared using a novel technique to yield an improved signal-
to-noise ratio and enable high-resolution measurements up to
16 Å−1. The Si substrate below the NC-containing a-SiO2
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layer was first removed through a combination of mechanical
grinding and selective chemical etching. The freestanding
NC-containing a-SiO2 layers were then simply stacked
together.41 Bulk c-Ge and a-Ge standards appropriate for
fluorescence measurements were prepared by molecular-
beam epitaxy and ion implantation, as described in Ref. 5.

Fluorescence spectra were first averaged with the program
AVERAGE.42 Data processing and analysis were then per-
formed using the ATHENA and ARTEMIS �Ref. 43� graphical
user interfaces for the IFEFFIT �Ref. 44� and FEFF �Ref. 45�
codes. The EXAFS oscillations were extracted from the
spectra by background subtraction �removing the raw absor-
bance� via the AUTOBK algorithm implemented in ATHENA.43

Data were then Fourier transformed using a Hanning win-
dow 0.8 Å−1 in width and ranging from 4.1–15.1 Å−1 in
photoelectron wave-number �k� space. Back transforming
from radial distance �R� space, the window defining the fit-
ting region was again of the Hanning type and of 0.2 Å
width and ranged from 1.5–4.8 Å for the structural study
using the 15 K data and 1.5–2.7 Å for the temperature-
dependent analysis. Values of the energy shift parameter �E0
were refined using ARTEMIS and following the procedure
suggested in Ref. 46 to align the k scale of the theoretical
standard for all samples as well as avoid distortions in the
structural parameters due to a poor choice of edge energy
position E0. Effective scattering amplitudes and phase shifts
were calculated ab initio with FEFF8.45

Spectra were fitted in ARTEMIS �Ref. 43� using two differ-
ent procedures for the low-temperature structural study and
the temperature-dependent study. For the former, a full
multiple-scattering approach with three single-scattering and
four multiple-scattering paths was applied to probe up to the
third NN shell, as described elsewhere.47 For the latter, only
the first NN shell was analyzed �following the multiple-data
set fitting approach described in Ref. 36� due to the smearing
out of second and third NN contributions with increasing
temperature for the Ge NC samples. Coordination numbers
CN were fixed to bulk values for c-Ge and fitted for the a-Ge
and Ge NC samples. These CN values determined from the
low-temperature spectra were kept constant during the
temperature-dependent analysis. Individual interatomic dis-
tances R, Debye-Waller factors �2, and third cumulants C3
were determined for each NN shell, while the evolution with
temperature of R, �2, and C3 was determined for the first NN
shell only. Each data set was fitted simultaneously with mul-
tiple k weightings of 1–4 to reduce correlations between the
fitting parameters. The passive electron reduction factor S0

2

and the energy shift parameter �E0 were determined from
c-Ge and kept constant for all other samples. The same �E0
was assigned for all paths, assuming no charge distribution
effects in elemental Ge.48 The values obtained were S0

2

=0.99�0.05 and �E0=0.3�1.1 eV.

III. RESULTS AND DISCUSSION

A. Depth and size distributions

1. Depth distribution

The depth distribution of implanted Ge atoms in the
a-SiO2 layer was measured before and after annealing with

RBS. The peak concentration was �3 at. % centered at a
depth of �1.4 �m with a full width at half maximum
�FWHM� of �0.5 �m ��10%�. As apparent from Fig. 1, no
significant redistribution of Ge was observed, within the
RBS detection limit, for all annealing conditions. The inset
shows the Ge signal after subtracting the a-SiO2 background
and converting from energy to depth scale using the mean
energy approximation.49

The lack of thermally induced diffusion has been ob-
served previously for various elemental NCs annealed under
forming gas; for example, see Ref. 26. This nondiffusive,
nonreactive behavior is consistent with the model of Heinig
et al.18 that correlates the redistribution of implanted atoms
to the presence of H2O and O2 impurities. In our case, Ge
diffusion,13,21 GeOx �x�2� formation,13,21 and NC
passivation50 are further inhibited by the significant spatial
separation of the center of the Ge atomic distribution from
both the surface ��1.4 �m� and the SiO2 /Si interface
��0.6 �m�.

2. Size distribution

Ge NC size distributions were determined from SAXS
measurements. Figure 2 shows the scattered intensity mea-
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FIG. 1. �Color online� RBS spectra for a pristine SiO2 /Si
sample �line� and three samples implanted with Ge and annealed
under different conditions �symbols�. The inset shows the Ge dis-
tribution as a function of SiO2 depth.
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FIG. 2. �Color online� SAXS spectra for Ge NC samples after
subtraction of the SiO2 background, measured from an unimplanted
sample �not shown�. Spectra are offset for clarity.
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sured for all samples after subtraction of the a-SiO2 back-
ground. The scattering vector Q range for the analysis was
0.015–0.12 Å−1 and a maximum entropy approach was ap-
plied to fit the curves.39,40 The NC shape was assumed to be
spherical, consistent with the TEM observations presented
below. Figure 3 shows the size distributions obtained after
fitting the data in Fig. 2, normalized to unity for comparison.
They are asymmetric, being skewed toward larger diameters.
This asymmetry decreases and the FWHM increases with an
increase in annealing temperature and time. The value at the
maximum and the statistical mean differ slightly, as indicated
by the arrows in Fig. 3, as a result of the asymmetry. Hence-
forth, the value at the maximum will be used when discuss-
ing the size dependence of the structural and thermal prop-
erties. Values at the distribution maximum, the statistical
mean, the FWHM, and the half-width at half maximum
�HWHM� to each side of the maximum are listed in Table I.

Complementary TEM images from depths near the Ge
atomic concentration maximum are shown in Fig. 4. They
illustrate the spherical nature of the NCs and the increase in
size with annealing temperature or time as first apparent
from SAXS measurements. The size distributions determined
by TEM and SAXS were consistent and no Ge NCs were
observed close to either the SiO2 surface or the SiO2 /Si
interface.

B. Structural properties and size dependence

1. XANES analysis

Based on the SAXS results presented previously, samples
will now be identified as 4, 5, 6, or 9 nm Ge NCs �for the
annealing conditions 1060 °C /1 h, 1100 °C /0.33 h,
1100 °C /1 h, and 1100 °C /10 h, respectively�. XANES
spectra for the Ge NC samples and bulk standards are shown
in Fig. 5. The XANES region is considered to extend some
tens of eV beyond the absorption edge,51 where the excited
photoelectron has enough kinetic energy to reach the con-
tinuum but its wavelength is larger than the interatomic dis-
tance between the absorbing atom and first NN. At such low
kinetic energies, the photoelectron is strongly scattered by
neighboring atoms and the wave function is governed by
multiple scattering �MS� effects.51 The latter may produce
sharp features in the spectrum, as apparent in Fig. 6 for c-Ge
and c-GeO2, and can be used to fingerprint chemical bond-
ing, electronic configuration, and site symmetry around the
absorber. Comparing the spectra for bulk a-Ge and c-Ge, the
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FIG. 3. �Color online� Size distributions of the Ge NCs grown
under the specified annealing conditions �legends�, as obtained from
SAXS analysis. The up arrows indicate the position of the maxi-
mum value and the down arrows show the position of the mean
value of the size distributions. Such values are listed in Table I.

TABLE I. Values, in nanometers, of the mean, the maximum, the FWHM, and the HWHM for the Ge NC
size distributions obtained from SAXS analysis. The errors are estimated as 5% of the listed values. The
labels “Low” and “High” in columns 5 and 6 are relative to the lower-size side and higher-size side of the
maximum value listed in column 3, respectively. Errors of 5% for the crystalline fractions are estimated based
on results obtained when the fitting range is varied by 20%.

Annealing conditions Mean Maximum FWHM Low HWHM High HWHM Crystalline fraction

1060 °C, 1 h 4.5 3.9 2.5 1.0 1.5 0.512

1100 °C, 0.33 h 5.7 5.3 3.1 1.4 1.7 0.523

1100 °C, 1 h 6.4 5.9 4.2 1.9 2.3 0.615

1100 °C, 10 h 9.4 9.1 4.2 2.0 2.2 0.759

(a) (b)

(c) (d)

FIG. 4. TEM images recorded near the Ge concentration maxi-
mum for samples annealed at �a� 1060 °C, 1 h; �b� 1100 °C, 0.33
h; �c� 1100 °C, 1 h; and �d� 1100 °C, 10 h.
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former is rather featureless, while the latter shows character-
istic peaks. Similar observations have been reported for Si
where oscillations due to MS were observed for c-Si within
�70 eV of the K edge, while no oscillations were apparent
for a-Si.52 Most of the MS contributions stemmed from
double-scattering paths involving atoms from the first and
second NN shells.52

In the XANES spectra of the Ge NC samples, no indica-
tion of Ge-O bonds is apparent for any sample, in contrast to
several previous reports.11,21 We therefore exclude the pres-
ence of a significant fraction of isolated Ge atoms dissolved
in the silica matrix. Bulklike c-Ge features are observed in
the spectra of all NC samples. Such features grow weaker as
the NC size decreases while simultaneously the similarity
between the Ge NC and bulk a-Ge spectra increases. Clearly,

the Ge NC spectrum appears as a combination of the c-Ge
and a-Ge spectra. The Ge NC spectra were thus fitted as a
linear combination of the two bulk standards. The fitting was
performed with ATHENA �Ref. 43� over an energy range of
−30 to 100 eV above the absorption edge. Figure 6 demon-
strates that the XANES spectra of Ge NCs are accurately
reproduced as a combination of bulklike amorphous and
crystalline environments. The arrows in Fig. 6�a� indicate the
MS features in the c-Ge spectrum that are also present for the
Ge NCs.

Table I lists the fraction of Ge atoms in a bulklike crys-
talline environment as a function of NC size. Clearly the
crystalline fraction decreases as the NCs become smaller or,
equivalently, the surface-to-volume ratio increases. We sug-
gest such results are consistent with the presence of an amor-
phous Ge layer separating the crystalline Ge core and the
amorphous silica matrix, in good agreement with first-
principles and empirical molecular-dynamics calculations for
1.0–2.5 nm freestanding Ge clusters30,53 and 1.3–3.6 nm Si
nanoparticles embedded in a-SiO2.54 Similar qualitative find-
ings were also reported in a XANES study of 2.0–3.4 nm Si
NCs embedded in a-SiO2.55 Using the NC diameter deter-
mined from SAXS measurements and the amorphous frac-
tion determined from XANES measurements, we calculated
an amorphous layer thickness of �0.44 nm, independent of
NC size. This provides further support for the presence of an
amorphous layer separating a crystalline core and amorphous
matrix. �We note a crystalline core is readily apparent in
high-resolution TEM images, as previously presented.36,56�
Our results also agree with photoemission spectroscopy mea-
surements for freestanding Ge NCs of diameter �7.0 nm
and below, as produced by gas evaporation,12,23 although we
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point out that the growth/reconstruction dynamics might be
different in both cases. Comparing bulk and NC samples, the
authors showed that NCs were mainly bulklike crystalline
but with distinct features indicative of structural disorder in
the surface and near-surface regions. A distribution of bond
angles and bond lengths, very similar to that observed for
bulk a-Ge, was measurable in the NC surface region.12 Fren-
kel et al.57 combined EXAFS and diffraction anomalous
fine-structure �DAFS� measurements to characterize samples
containing both bulk a-Ge and nanocrystalline Ge. A similar
approach could yield further evidence of the amorphouslike
layer in our Ge NC samples.

2. Raman measurements

Raman spectra for Ge NCs and a bulk c-Ge standard are
presented in Fig. 7. �As noted earlier, our sample preparation
method eliminates interference from the second-order Ra-
man peak for Si.� As anticipated, an increase in intensity and
decrease in FHWM of the crystalline Ge-Ge scattering peak
is readily apparent as the NCs increase in size. The low-
frequency asymmetric broadening and redshift in the Raman
spectra58,59 due to finite-size effects are also observed. Some
of the redshift also stems from an isotopic effect,60 when
comparing NCs comprised solely of 74Ge and natural bulk
c-Ge ��72.6 amu�. The increase in peak area as the NCs
increase in size is in very good quantitative agreement with
the increase in crystalline fraction determined from the
XANES analysis, thus reinforcing our results.

A scattering contribution from an a-Ge component, ex-
pected at �260 cm−1, could not be resolved as consistent
with previous reports14,15 where the authors suggested that
the presence of the a-SiO2 matrix stabilizes the surface at-
oms and reduces their contribution to the Raman intensity.
Alternatively, the phonon density of states �DOS� may be
large in the SiO2 near �260 cm−1, enhancing the decay rate
of surface-atom vibrations.15

3. EXAFS analysis

The structural parameters for the first three NN shells,
including the coordination numbers and mean value, the

Debye-Waller factor, and asymmetry �third cumulant� of the
interatomic distance distribution were determined from EX-
AFS analysis. A cumulant expansion approach61 was em-
ployed to account for possible asymmetric �third cumulant�
and symmetric �fourth cumulant� deviations from a Gaussian
distribution. Such deviations can result from the presence of
thermal and/or structural disorder. Asymmetry can be non-
negligible for bulk crystalline materials even at low
temperatures62 and must not be ignored at high
temperatures.32,36,63–65 It is also significant for bulk amor-
phous materials64,65 and NCs �Refs. 36, 66, and 67� at low
temperatures. Failure to account for asymmetry yields erro-
neous structural parameter values, particularly for the inter-
atomic distance. For this report, both the third and fourth
cumulants were included in the fitting procedure. While the
latter proved to be negligible, the former was significant.

Figures 8�a� and 8�b� show isolated k3-weighted EXAFS
spectra for the bulk standards and NC samples, respectively.
Bulklike crystalline features are present in all NC spectra.
Like for the XANES spectra, these features grow weaker as
the NCs become smaller and the spectra more closely re-
semble that of bulk a-Ge. Figures 8�c� and 8�d� show the
resulting Fourier transforms �FTs� for the bulk and NC
samples, respectively. Scattering contributions from the first
three NN shells �indicated in Fig. 8�d�� are evident for the
c-Ge and Ge NC samples, while only the first NN shell is
apparent for a-Ge. The structural disorder inherent with the
amorphous phase clearly precludes any contribution from
higher shells.

4. Structural parameters and crystalline fraction

Figures 9�a�–9�d� show the first shell coordination num-
bers, interatomic distances, Debye-Waller factors, and third
cumulants, respectively, as functions of the crystalline frac-
tion determined with XANES. Figure 9�a� demonstrates that
the coordination numbers for bulk c-Ge and a-Ge are com-
parable, consistent with previous reports. This phenomenon
originates from the presence of three-, four-, and fivefold
coordinated atoms in bulk a-Ge.53,68,69 While the 9 nm NCs
have a coordination number similar to that of the bulk, this
parameter decreases as the NCs become smaller. This is a
clear manifestation of finite-size effects where the increase in
surface-to-volume ratio yields a relative increase in underco-
ordinated surface atoms. Such an effect is independent of the
crystallographic phase �amorphous or crystalline� at the NC
surface or interface with the matrix.

For the mean interatomic distance �Fig. 9�b��, the value
for bulk a-Ge exceeds that of bulk c-Ge, again consistent
with previous measurements69,70 and explained by the same
reasoning noted above for the coordination numbers. The 9
nm NCs exhibit an interatomic distance similar to that for
bulk c-Ge. However, as the NC size decreases, the inter-
atomic distance increases and approaches that for bulk a-Ge.
This contradicts observations for metallic NCs,66,71,72 where
a decrease in size is accompanied by a contraction of the
mean interatomic distance due to capillary pressure. For the
present case, the increase in interatomic distance apparent in
semiconductor NCs results from the increase in amorphous
fraction with decreasing NC size. Metallic NCs do not
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exhibit a comparable amorphous component �unless sub-
jected to ion irradiation subsequent to formation73,74�.

Previous works reported the formation of embedded Ge
NCs with the ST-12 phase rather than the diamond phase for
small sizes �diameters�4 nm�.7,75 The bulk ST-12 phase
shows a first NN shell interatomic distance 0.04 Å higher
than the cubic diamond phase.70 In principle, a cubic–to–
ST-12 phase transformation would also yield a progressive
interatomic distance increase with the decrease in NC size.
We exclude this effect in our study because the interatomic
distance increase observed here is less than half of the
0.04 Å reported in Ref. 70 and much closer to the increase
observed for a-Ge relative to c-Ge.69,70 Furthermore,
XANES results indicate the presence of an amorphous con-
tribution which accounts well for the observed increase in
interatomic distances.

Results for the Debye-Waller factor �Fig. 9�c�� show the
expected increase in structural disorder of bulk amorphous
material relative to the crystalline phase as reported
previously.53,68,69,76 The 9 nm NCs exhibit a Debye-Waller
factor value greater than that of bulk c-Ge due to the in-
creased surface-to-volume ratio and the presence of an amor-
phous component. As the NC size decreases, this parameter
increases such that the Debye-Waller factor for the 4 nm NCs
is comparable to that of bulk a-Ge. Even smaller NCs should
yield a Debye-Waller factor equal to that of bulk a-Ge �and
consistent with amorphized Ge NCs �Refs. 5 and 77�� as the
crystalline fraction becomes negligible.

A small nonzero third cumulant was measurable in the
interatomic distance distributions for the first NN shell of the
bulk standards, as previously reported.62,69 For bulk a-Ge,
the value of this parameter is dependent on the fabrication
process �sputtering, evaporation, irradiation�, the H content,
and the extent of postamorphization structural relaxation.69,78

For Ge NCs, asymmetry in the interatomic distance distribu-
tion increases as the NC size decreases and exceeds the value
measured for a-Ge. We suggest that the increased surface-to-
volume ratio for the NCs yields such an effect.

5. Size dependence of structural parameters for Ge NCs

In this section we describe the trends observed for the
structural properties of the first three NN shells of Ge NCs as
a function of size. Results are plotted as a function of inverse
NC diameter in Fig. 10. Each column shows data for a given
NN shell, while each row reports the results for one specific
structural parameter. The first NN shell structural parameters
discussed in Sec. III B 4 clearly scale as a linear function of
inverse diameter �left column of Fig. 10�. This indicates that
finite-size effects, specifically the surface-to-volume ratio,
govern the structural properties of embedded Ge NCs in ad-
dition to the crystalline and amorphous fractions discussed
previously.

Though the uncertainty in the structural parameter deter-
minations necessarily increases for shells beyond the first
NN, trends comparable to those discussed above are still
readily apparent and again demonstrate the significant influ-
ence of finite-size effects. Such influence is well demon-
strated in the top row of Fig. 10 �coordination numbers�. Full
lines represent the size-dependent evolution of the coordina-

tion number calculated with a geometrical model56 that as-
sumes spherical Ge NCs with the diamond structure. The
disagreement between the geometrical model and the experi-
mental data increases dramatically for the higher shells,
which are most sensitive to finite-size effects. Note that for
the first shell all Ge atoms contribute to the EXAFS signal,
whether in a crystalline or an amorphous environment. On
the other hand, the latter do not yield a second- or third-shell
scattering contribution. To account for the presence of an
amorphous interfacial layer, the geometric model results
were multiplied by the crystalline fraction as determined
with XANES. As apparent in the top row graphs in Fig. 10,
much better agreement with the experimental data is then
achieved, further supporting our assertion that an amorphous
layer separates the a-SiO2 matrix and the c-Ge core in em-
bedded Ge NCs.

C. Thermal properties and size dependence

Temperature-dependent EXAFS measurements in the
range of 15–300 K were employed to probe the thermal ex-
pansion of interatomic distances and the mean vibrational
frequency for all NC distributions. Figure 11 shows the back-
ground subtracted, k1-weighted EXAFS oscillations and the
corresponding non-phase-corrected FTs as a function of tem-
perature for the biggest and smallest Ge NCs and bulk a-Ge.
The high quality of the data is apparent from the EXAFS
spectra presented in Figs. 11�a�, 11�c�, and 11�e�. Although a
second NN peak is visible at �3.6 Å in the FT of the Ge NC
samples at low temperatures �Figs. 11�b� and 11�d��, an in-
crease in temperature �and therefore of thermal disorder� sig-
nificantly reduces the amplitude. The even higher structural
disorder of the amorphous phase precludes any higher NN
contributions regardless of the temperature, as evident in Fig.
11�f�.

1. Debye-Waller factors and Einstein temperatures

The experimental �2 values from EXAFS, which can be
regarded as a measure of the total disorder or the variance of
the interatomic distance distribution, are plotted as a function
of measurement temperature in Fig. 12. The corresponding
best fits with the Einstein model36 are also included. The
separate thermal and structural contributions to the total
disorder,79 expressed in terms of the Einstein temperature
and static contribution to �2, respectively, are listed in Table
II. As expected, �2 increases with temperature, reflecting the
increase in amplitude of atomic movement around the equi-
librium positions and the resulting increase in the variance of
the interatomic distance distribution. �2 increases with tem-
perature more rapidly for a-Ge compared to c-Ge, yielding a
lower Einstein temperature indicative of lower bond strength
or looser bonding. In contrast, for Ge NCs �2 increases with
temperature more slowly than for c-Ge, resulting in higher
Einstein temperatures consistent with stiffer bonding �in
agreement with our previous report for a different Ge NC
distribution36�. A clear trend with Ge NC size is apparent and
will be further discussed below.

One last point should be addressed regarding our obtained
�2 values. It is well known that isotopic composition can
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affect the equilibrium crystal volume and the vibrational
properties due to differences in zero-point motion of the
nuclear masses.60,80–83 A recent EXAFS study on bulk isoto-
pically enriched 70Ge and 76Ge crystals reported a difference
of 0.000 07 Å2 in the �2 at 20 K, with the �2 for 76Ge
smaller due to its higher mass and thus reduced mean vibra-
tional frequency.80 Interestingly enough, such a small differ-
ence in �2 lead to a substantial difference of �15 K between
the Einstein temperatures for bulk crystalline 70Ge and 76Ge.

Since our NCs are produced by implanting 74Ge but are
compared to natural bulk Ge standards �NatGe, �72.6 amu�,
in principle it would be necessary to account for this isotopic
effect before commenting on the differences between bulk
and NCs. Nevertheless, we note that the mass difference in
our case is four times smaller than that in Ref. 80. Thus the
expected isotopic effect on the low-temperature �2 can be
estimated as �0.000 02 Å2, well within the error bars even
for the most optimistic studies. Furthermore, it becomes evi-
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dent that the differences between �2 for the bulk crystal and
NCs are due to structural differences, amounting to �0.80
�10−3 Å2, rather than due the subtle mass effect in zero-
point motion mentioned in Ref. 80, which would be at least
40 times weaker in our case. Also, there is a clear trend for
the increase in the low-temperature �2 with the decrease in
NC size as shown in Figs. 10 and 12, even though all NCs
were produced by implanting 74Ge and have the same isoto-
pic composition. This demonstrates that the isotopic effect
has no significant influence on our size-dependent study or
the bulk vs NC comparison presented here.

2. Interatomic distances and thermal expansion

The evolution of the interatomic distances with tempera-
ture for bulk a-Ge and Ge NCs is presented in Fig. 13. Val-
ues are relative to the low-temperature interatomic distance
obtained for c-Ge �shown in Fig. 9� to highlight the structural
and thermal differences between bulk and NCs. Table II lists
the resulting linear thermal expansion �R and linear thermal
expansion coefficient 	EXAFS in the range of 15–300 K, re-
spectively defined as

�R = R�300 K� − R�17 K�, �1�

	EXAFS =
1

R0

�R

�T
, �2�

where R0 is the low-temperature value obtained for c-Ge
�2.443 Å�.

A clear distinction should be made between the linear
thermal expansion coefficients determined from EXAFS
�	EXAFS� and those determined from other techniques �	L�
such as XRD, which measure the variation in the mean dis-
tance between the equilibrium positions in the lattice.
EXAFS measures the mean of instantaneous interatomic dis-
tances and is sensitive to correlation effects, yielding differ-
ent values for the thermal expansion of interatomic distances
and the linear thermal expansion coefficient, as discussed by
Fornasini and co-workers.31,32,62,84 For bulk c-Ge at 300 K,
for example, our results from Ref. 36 yield 	EXAFS
=11.0��1.0��10−6 K−1, in very good agreement with the
EXAFS results of Ref. 31 but almost twice the value of 	L
=5.9�10−6 K−1 determined from interferometric, calorimet-
ric, and x-ray-diffraction measurements.81
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FIG. 12. �Color online� Debye-Waller factor values �symbols�
and corresponding Einstein model fits �lines� obtained for the Ge
NC and bulk a-Ge samples plotted as a function of measurement
temperature. Data for c-Ge from Ref. 36 are also plotted for com-
parison. Corresponding fit results are listed in Table II.

TABLE II. Static contributions to the total disorder ��static
2 �, Einstein temperatures �
E�, thermal expan-

sion of interatomic bonds ��R�, and linear coefficients of thermal expansion �	EXAFS� between highest �300
K� and lowest �17 K� temperatures and anharmonic force constant �k3� obtained for the Ge NCs and bulk
a-Ge experimental data. Data for bulk c-Ge from Ref. 36 are also listed for comparison.

�static
2 
E �R 	EXAFS k3

System �10−3 Å2� �K� �10−3 Å� �10−6 K−1� �eV /Å3�

Bulk a-Ge 2.1�0.1 343�4 5.5�1.2 8.0�1.0 −10.5�2.5

4 nm Ge NCs 2.0�0.1 367�5 2.1�1.2 3.0�1.0 −4.9�1.5

5 nm Ge NCs 1.8�0.1 360�5 3.4�1.2 5.0�1.0 −5.6�1.7

6 nm Ge NCs 1.3�0.1 357�5 3.7�1.2 5.3�1.0 −6.2�1.8

9 nm Ge NCs 1.1�0.1 352�4 4.6�1.2 6.7�1.0 −6.9�2.1

Bulk c-Ge a 0.1�0.1 351�7 7.2�1.2 11.0�1.0 −4.1�1.2

aReference 36.
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We also stress that the values obtained from Eq. �2� de-
pend only on the variation of the experimental interatomic
distances and are not calculated from the anharmonicity of
the pair potential, as first postulated in Ref. 34. Thus, they
are related to the “real” distribution of distances as defined in
Refs. 31 and 32 and are also sensitive to the effect of vibra-
tions perpendicular to the bond direction.31,32

From Fig. 13 and Table II, the NCs exhibit significantly
reduced thermal expansion of interatomic distances relative
to the bulk phases in the measured interval, while a-Ge
shows a slightly reduced thermal expansion relative to that of
c-Ge. A clear trend with NC size is apparent, as for the
Debye-Waller factor, and will be further discussed below.

The linear thermal expansion coefficient of silica is nega-
tive below �180 K,85–87 yet positive �though very low�
above this temperature,87,88 with a value of 	L=0.4
�10−6 K−1 at 300 K.89 Despite slight variation depending
on the thermal history,87,90 this value is always significantly
smaller �about 1 order of magnitude� than that for bulk c-Ge
at 300 K �	L=5.9�10−6 K−1 from experimental and theo-
retical studies81�. The thermal expansion of the NCs is thus
likely to be hindered by the much lower expansion of the
matrix. Furthermore, the presence of the thin amorphous Ge
layer between the matrix and NC core may also contribute to
the reduced thermal expansion.

We again comment on the possible influence of isotopic
effects. EXAFS measurements yield differences of 2.1
�10−4 and 0.5�10−4 Å for the first NN interatomic dis-
tances of bulk 70Ge and 76Ge at 20 and 300 K, respectively
�the smaller interatomic distances for the heavier isotope�.80

The differences will be smaller between NatGe and 74Ge and
thus are not significant compared to the differences measured
between the bulk and NCs in our study ��1.0�10−3 Å�,
confirming that they stem from the properties of the nano-
crystalline phase and the presence of a surrounding matrix.
Note also that the NCs are composed on average of a heavier
isotope, yet exhibit greater interatomic distances than those
in bulk c-Ge.

3. Third cumulants and anharmonicity of the effective pair
potential

The experimental values obtained for the EXAFS C3,
which accounts for asymmetric deviations from a Gaussian-
type bond-length distribution, are shown in Fig. 14. Again
we display values relative to that obtained for bulk c-Ge at
low temperature for easier comparison. As detailed in Ref.
36, during the multiple-data set fits for all temperatures of a
given sample we restrain the C3 values to follow the relation
derived from the anharmonic one-dimensional effective po-
tential Veff in Ref. 34:

C3�T� =
k3kB

2
E

2keff
3

1 + 10z + z2

�1 − z�2 + C3static. �3�

Here C3static is the asymmetry from structural contributions,
z�exp�−
E /T�, and keff=�kB

2�−2
E
2 , where keff and k3 are

the effective harmonic spring constant and the cubic anhar-
monic force constant, respectively, entering the effective po-
tential Veff as follows:

Veff�r − r0� = keff�r − r0�2 + k3�r − r0�3. �4�

Such a restraint is well justified by results from previous
works,32,62 where unrestrained C3 values were found to fol-
low the form of Eq. �3�. Furthermore it is needed to relate C3
and 
E, which can be determined with better precision, as
well as to reduce the correlations between R �which is
floated, not restrained� and C3. The thermal evolution of C3,
as described by the k3 values, is listed in Table II.

We observe an increase in asymmetry with temperature in
the measured range for all samples, as expected from the
increase in anharmonicity of the effective potential. The in-
crease in the thermal contribution to C3 due to the anharmo-
nicity of the effective potential is highest for a-Ge and, al-
though higher for NCs than for c-Ge, shows a decrease with
NC size. This size trend is further discussed in Sec. III C 4.

4. Size-dependent trends

Gathered in Fig. 15 are the size-dependent trends, for the
first NN Ge shell, of: �a� the structural contribution to total
disorder, �b� the thermal contribution to total disorder, �c� the
thermal expansion of interatomic distances between 15 and
300 K, and �d� the anharmonic force constant for the effec-
tive potential. All parameters are well described by a linear
evolution with the inverse NC diameter, confirming that ther-
mal and vibrational properties are dominated by the struc-
tural properties of Ge NCs in the size range under evaluation.

As their size decreases, embedded Ge NCs exhibit an in-
crease in mean interatomic distance, structural disorder, and
asymmetry of the distribution of distances as a result of the
combined effects of an increase in surface-to-volume ratio
and the presence of a thin a-Ge-like layer between the
a-SiO2 matrix and Ge NC core. The decrease in NC size
results in a higher fraction of atoms located on the NC sur-
face. This invariably reduces the average coordination num-
ber, independent of the particles being crystalline or amor-
phous. But the increase in mean interatomic distance
�approaching the values for bulk a-Ge� with the decrease in

0 50 100 150 200 250 300

0.0
0.2

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6

bulk a-Ge 6 nm NCs
4 nm NCs 9 nm NCs
5 nm NCs bulk c-Ge [36]

R
el
at
iv
e
th
ir
d
cu
m
ul
an
t(
10

-4
Å
3 )

C 3
(x
)(T
)-
C 3

(c
-G
e)
(8
K
)

Temperature (K)

FIG. 14. �Color online� Third cumulant values obtained for the
Ge NC and bulk a-Ge samples plotted as a function of measurement
temperature �line with symbols�. Values relative to the low-
temperature value obtained for bulk c-Ge are shown to make com-
parison easier. Data for c-Ge from Ref. 36 are also plotted for
comparison. Notice the break on the vertical axis between 0.40 and
0.53�10−4 Å3.

ARAUJO et al. PHYSICAL REVIEW B 78, 094112 �2008�

094112-12



particle size demonstrates that the atoms which comprise the
surface layer are in a disordered �and undercoordinated�
state, the latter very similar to bulk a-Ge. This is further
reinforced by the increase in structural disorder with decreas-
ing size, which also approaches the value for bulk a-Ge. On
the other hand, those atoms within the NC core maintain a
bulklike crystalline structure, as apparent in TEM images
and verified by XANES, EXAFS, and Raman measurements.
If the atoms in the NC core were under compressive stress,
we would expect a decrease in the mean interatomic dis-
tance, offsetting to some extent the increase due to disorder
at the surface. Given that our results approach a-Ge-like val-
ues, we rule out a significant influence of stress from the
matrix in our case. The coexistence of crystalline and amor-
phouslike environments with distinct interatomic distances
also increases the asymmetry of the distance distribution
such that C3 is higher than for the bulk phases and increases
as the size decreases. We anticipate that C3 will decrease for
smaller sizes as the amorphous fraction approaches 1. We
note that the formation of a disordered surface layer sur-
rounding a crystalline core was also observed for �7.0 nm
diameter freestanding Ge NCs produced by a gas-
aggregation technique,12 indicating that this phenomenon is
intrinsic to the high surface-to-volume ratio �or very small
particle size� and is not related to the presence of the silica
matrix in our case. The variation in the Ge NC structural
parameters with decreasing size described herein influences
the thermal and vibrational properties, resulting in lower
thermal expansion and higher Einstein temperature and an-
harmonicity of the effective pair potential. Part of the ob-
served dampening of the thermal expansion is potentially the
result of the silica matrix, which has a very low thermal
expansion coefficient. But the matrix is not expected to sig-

nificantly influence the mean vibrational frequency, since a
similar increase has also been observed for other freestand-
ing NCs,91 where it was assigned mainly to surface recon-
struction effects.

IV. CONCLUSIONS

Previously we observed that the atomic-scale structure of
Ge NCs formed by ion implantation in a silica matrix exhib-
its increased disorder and asymmetry compared to bulk
c-Ge.5 Herein, we have shown that such perturbations are
size dependent and increase with decreasing NC diameter.
The linear variation of structural parameters with inverse di-
ameter clearly demonstrates that the surface-to-volume ratio
governs the structural properties of Ge NCs embedded in
silica. Furthermore, we have presented evidence for the for-
mation of an amorphous Ge layer separating the Ge crystal-
line core and the silica matrix. By combining SAXS and
XANES results, we have observed that the concomitant de-
crease in NC size and increase in surface-to-volume ratio
yields an amorphouslike Ge layer with constant thickness of
�0.44 nm. Our results suggest that very small Ge nanopar-
ticles ��2.0 nm diameter� embedded in silica should be
amorphous, in good agreement with molecular-dynamics re-
sults for Si nanoparticles of similar size embedded in the
same matrix.54 The formation of an amorphous interfacial
layer was also observed experimentally for Si NCs embed-
ded in silica in Ref. 55, where the impact of such a layer on
the light-emission process was discussed. Light emission
from Ge NCs embedded in silica may also be influenced by
the presence of an amorphous layer between the crystalline
core and amorphous matrix, since defects in this interfacial
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layer may well serve as radiative and nonradiative recombi-
nation centers.

The temperature-dependent analysis confirmed that Ge
NCs exhibit stiffer bonds/higher Einstein temperatures than
those of bulk Ge �as previously observed in Ref. 36� and
further revealed a linear increase in Einstein temperature
with inverse NC diameter. Linear decreases in the thermal
expansion of interatomic distances and in the anharmonic
force constant were also observed as the inverse NC diam-
eter increased. Such size trends confirm that the thermal and
vibrational properties of the Ge NCs under study are mainly
governed by the surface-to-volume ratio and the surface re-
construction through the formation of an amorphouslike Ge
layer between the NC core and matrix, both yielding struc-
tural changes whose magnitude vary with NC size. There is
also a further constricting effect of the rigid a-SiO2 matrix,
reducing the thermal expansion of the NCs. The results pre-
sented here should aid in explaining previously reported ob-

servations and contribute to the more efficient and rapid in-
tegration of Ge NCs in modern technologies.
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