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ABSTRACT: High-energy synchrotron X-ray diffraction
coupled to atomic pair distribution function analysis and
computer simulations is used to determine the atomic-scale
structure of silicon (Si) nanoparticles obtained by two different
synthetic routes. Results show that Si nanoparticles may have
significant structural differences depending on the synthesis
route and surface chemistry. In this case, one method
produced Si nanoparticles that are highly crystalline but
surface oxidized, whereas a different method yields organic
ligand-passivated nanoparticles without surface oxide but that
are structurally distorted at the atomic scale. Particular
structural features of the oxide-free Si nanoparticles such as
average first coordination numbers, length of structural
coherence, and degree of local distortions are compared to their optical properties such as photoluminescence emission
energy, quantum yield, and Raman spectra. A clear structure−properties correlation is observed indicating that the former may
need to be taken into account when considering the latter.
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1. INTRODUCTION

Nanosized semiconductor particles (NP)s between 1 and 20
nm have received a lot of attention because of their unique size-
tunable physicochemical properties.1 For example, compound
semiconductor NPs of CdSe/Te, ZnTe/Se, and PbSe/S
families have been studied extensively.2−8 Si NPs are, however,
also interesting because they emit size-tunable light ranging
from visible to near-infrared wavelengths and are biocompatible
and biodegradable, making them potentially useful optical
contrast agents for bioimaging and in vivo disease detection,
much more so than toxic Cd- and Pb-containing semiconductor
NPs.9−11 Si NPs have also been shown to possess good
potential for thermoelectric applications12 and Li storage in
batteries.13

The effect of finite size on the electronic structure and optical
properties of semiconductor NPs has been examined in great
detail, both theoretically and experimentally,1,14 but very little is
known about how finite NP size might influence the atomic-
scale structure and, in turn, properties. Certainly, one may
expect significant changes in structure when NPs are reduced to
almost molecular-scale clusters, especially in the case of a
material like Si that forms a stable amorphous phase and

exhibits significant surface reconstruction in bulk state. NPs in
the small (<10 nm) size range have been shown in some cases
to appear off-stoichiometric,15 with many dangling bonds, with
a second chemically distinct surface-related phase, and/or with
distorted atomic-scale structure due to surface relaxation.1,16

The atomic-scale structure of such NPs is difficult to determine
by traditional techniques like powder X-ray diffraction (XRD)
assuming perfect atomic order and infinite periodicity. Other
common techniques for structural characterization such as
extended X-ray absorption fine structure spectroscopy
(EFAXS) and transition electron microscopy (TEM) also
have limitations. For example, EXAFS17 yields useful
information about the atomic ordering extending out to 5−6
Å only. Thus EXAFS would hardly distinguish between a
hexagonal (hcp) and face centered cubic (fcc) ordering of
atoms since both have first and second coordination spheres of
12 and 6 atoms, respectively. Likewise, TEM can reveal a NP’s
morphology with atomic-scale resolution16 but, like other
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imaging techniques, a TEM image is only a projection down an
axis and not so sensitive to fine features of the atomic ordering
inside NPs. As recently shown by us18 and others19 a very
detailed structure characterization of 1−20 nm NPs can be
obtained by employing a nontraditional technique involving
high-energy XRD coupled to atomic pair distribution function
(PDF) analysis and computer simulations. Herein, we apply
this nontraditional approach to capture atomic-scale details in
the structure of Si NPs obtained by two different synthetic
routes. We find that one route20 yields Si NPs with very good
crystallinity but oxidized surfaces, while the other21 yields
organic ligand capped, oxide-free surface NPs that are
significantly distorted at the atomic scale. Important structural
features of both types Si NPs such as phase purity, nature of
atomic ordering, length of structural coherence, and degree of
local distortion are also revealed. We compare these structural
features of the oxide-free, organic ligand-capped Si NPs to their
measured optical properties such as photoluminescence
emission energy, quantum yield, and Raman spectra and find
a clear NP structure−properties relationship. In particular, the
structural features are found to show a strong, nonlinear
dependence on NP size, similar to that exhibited by the optical
properties. The result indicates that the former may need to be
accounted for when considering the latter.

2. EXPERIMENTAL SECTION
2.1. Si NPs Preparation and TEM Characterization. Free

standing Si NPs have been produced by various techniques such as
laser ablation,22 plasma assisted decomposition of silane,23 chemical
etching of Si wafers,24 liquid phase synthesis,25 and others. Two sets of
Si NPs were examined in this study. One set of Si NPs was prepared in
a salt-melt liquid environment through magnesiothermic reduction of
SiO2. For a typical process in which nanophase silica (SiO2) was used
as a Si source, a eutectic composition of LiCl/KCl salts was employed
as a reaction medium. The raw materials were first mixed within an Ar-
filled box in a molar ratio of Mg/SiO2 = 2.2, and a weight ratio of
(SiO2 + Mg)/(salt + SiO2 + Mg) = 10%. This material was
homogenized by ball-milling. The resulting powders were heated in
nitrogen atmosphere between 500 to 900 °C for 5 h. After cooling to
room temperature, the reaction product was washed with 2 M HCl to
remove MgO and the salts. Unreacted SiO2 was removed with an
aqueous solution of ammonium bifluoride. The Si NPs were finally
dried in vacuum. Additional synthetic details can be found in ref 20.
Reaction temperatures of 550, 600, and 800 °C yielded Si NPs that
were approximately 8.0 ± 1.3, 10.0 ± 1.8, and 30.0 ± 2.9 nm in size,
respectively, as determined by TEM and confirmed by applying the
Scherrer equation to the peaks in the respective XRD patterns. A
representative TEM image of Si NPs synthesized at 600 °C is shown in
Figure 1. As can be seen in the image, Si NPs obtained by
magnesiothermic reduction of SiO2 appear as a homogeneous
aggregate where the individual NPs are spherical in shape.

Si NPs were also prepared by a high temperature (>1100 °C)
decomposition of commercial hydrogen silsesquioxane (HSQ) in an
atmosphere of Ar (90%) and H2 (10%). The resulting product is a
mixture of Si NPs embedded in a SiO2 matrix. It was ground into finer
powder and then etched in a solution of HF and HCl to remove the
oxide and obtain Si NPs terminated with H atoms. Si NPs were
isolated from the HF solution by centrifugation, dispersed in a mixture
of dodecene and octadecene, and heated at 190 °C for 8 h. The
resulting alkene passivated Si NPs were finally dispersed in toluene for
further characterization. More details of the synthesis procedure can be
found in ref 21. Si NPs with sizes of 2.4 ± 0.5 nm, 3.3 ± 0.7 nm, 7.9 ±
1.7 nm, and 13.6 ± 2.2 nm were studied. Representative TEM images
in Figure 2 show the Si NPs are spherical in shape and clearly
separated from each other.

2.2. High-Energy XRD Measurements and Derivation of
Atomic PDFs. High-energy XRD data were collected at the beamline
11-ID-C, at the Advanced Photon Source, Argonne National
Laboratory, using X-rays of energy 115 keV (λ = 0.1080 Å). Both
dry powders of Si NPs obtained by magnesiothermic reduction of SiO2
and toluene dispersed Si NPs obtained by a thermal decomposition of
HSQ were sealed in glass capillaries and subjected to XRD
measurements. A polycrystalline Si standard sample was also measured
for reference. In addition, an empty capillary was measured to obtain
the instrumental and sample holder related background scattering. To
improve the XRD data statistics, a large area detector was employed.
The experimental XRD intensities (see Figure 3) were first corrected
for background scattering and then reduced to structure functions
defined as
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where ci and f i(q) are the atomic concentration and X-ray scattering
factor, respectively, for the atomic species of type i, and Icoh.(q) is the
coherent part of the sample related intensities. The structure factors
were Fourier transformed into atomic PDFs (see Figure 4) as follows:
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where q is the magnitude of the wave vector (q = (4π sin θ)/λ), 2θ is
the angle between the incoming and outgoing X-rays, and λ is the
wavelength of the X-rays used.18,19 Thus the obtained reduced atomic
PDF, G(r), oscillates around zero as follows:

π ρ ρ= −G r r r( ) 4 [ ( ) ]0 (3)

where ρ(r) is the local and ρ0 the average atomic number densities,
respectively. The PDF G(r) peaks at distances corresponding to the
radii of the atomic coordination spheres in the material studied, while
the areas of the peaks are proportional to the respective coordination
numbers. The great advantage of atomic PDFs is that they reflect both
the Bragg-like and diffuse scattering component in the XRD data. In
this way both the existing atomic order, manifested in the Bragg-like
features, and all structural “imperfections” that are responsible for its
limited extent, manifested in the diffuse component of the diffraction
pattern, are reflected in an experimental PDF. This renders the atomic
PDFs analysis very well suited to study 1−20 nm particles where the
periodic order in the atomic arrangement may be substantially limited
due to local structural distortions and finite size effects.

2.3. NP Structure Modeling. The experimental PDFs for Si NPs
obtained by magnesiothermic reduction of SiO2 were fit with a
tetrahedral-type fcc lattice based model using the program PDFgui.26

Data from literature sources for the crystal structure of bulk Si was
used as starting values in the fitting. It was done as to minimize a
goodness-of-fit indicator, Rw, defined as
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where Gexp. and Gcalc. are the experimental and calculated PDFs,
respectively, and wi are weighting factors reflecting the statistical
quality of the individual data points. Restricted by the high symmetry

Figure 1. TEM (right) for the sample obtained at 600 °C. The panel
on the left shows a single Si particle about 10 nm in size.

Chemistry of Materials Article

dx.doi.org/10.1021/cm401099q | Chem. Mater. 2013, 25, 2365−23712366



(S.G. Fd3 ̅m) of the crystal structure of Si, in the PDF fitting only the
fcc lattice parameter and the thermal factors of Si atoms were possible
to refine.
Finite size atomic configurations cut out from the perfect

tetrahedral-type fcc lattice of bulk Si were used to start the reverse

Monte Carlo (RMC) simulations27 of the structure of Si NPs obtained
by thermal decomposition of HSQ. The configurations were spherical
in shape and with sizes corresponding to the NPs being modeled.
Accordingly, they consisted of 420 atoms, 1063 atoms, 13405 atoms,
and 66041 atoms for the NPs with sizes of 2.4 nm, 3.3 nm, 7.9 nm, and
13.6 nm, respectively. In the RMC simulations the position of each Si
atom from the model configurations was adjusted as to minimize the
difference Rw (see eq 4 above) between the model and experimental

Figure 2. TEM images of alkene-passivated Si NPs with sizes of (a) 2.4 ± 0.5 nm, (b) 3.3 ± 0.7 nm, (c) 7.9 ± 1.7 nm, and (d) 13.6 ± 2.6 nm.

Figure 3. Experimental synchrotron XRD patterns for Si nanoparticles
synthesized in a liquid environment of molten salts (a) and by thermal
decomposition of hydrogen silsesquioxane (b). The average size of the
respective NPs is given by each data set. Note the high-energy XRD
patterns and their Fourier counterparts, the atomic PDFs, reflect
assembly averaged structural features of all NPs sampled by the X-ray
beam in a way traditional powder XRD represents an assembly average
of all polycrystallites sampled by the X-ray beam in those experiments.
Comparing particle’s assembly averaged structure features to particle’s
assembly averaged properties (e.g., optical) puts structure−property
relationship exploration on the same footing.

Figure 4. Experimental atomic PDFs (symbols in orange) for Si NPs
synthesized in a liquid environment of molten salts (a), silica (SiO2)
glass, and commercial HSQ (b) and for Si NPs obtained by thermal
decomposition of HSQ (c). The size of the respective Si NPs is given
by each data set. The experimental data in (a) are fit (line in red) with
a tetrahedral-type fcc lattice model. Those in (c) are fit (line in red) by
reverse Monte Carlo simulations as explained in the text. Vertical
arrows in (a) mark the positions of the first two peaks in the PDFs for
Si NPs. These peaks are positioned at 1.6 Å and 2.35 Å corresponding
to first atomic neighbor Si−O (compare with (b)) and Si−Si distances
as described in the text. Vertical arrows in (c) mark the length of
structural coherence in the respective NPs.
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PDF data. Si atoms were constrained (i) not to come closer than
preselected distances, (ii) to maintain fourfold atomic coordination as
much as possible, and (iii) to make Si−Si−Si bond angles of about
109.5°. The first constraint reflects the fact that Si atoms in the NPs
studied do not approach each other closer than 1.6 Å as the
experimental PDF data show. The second and third constraints take
into account the local tetrahedral nature of the atomic ordering in Si
(see Figure 5). The simulations were done with the help of a new
version of the program RMC++28 expanding on our recent work
published in ref 14.

3. RESULTS AND DISCUSSION
The experimental high-energy XRD patterns for 10 and 30 nm
Si NPs obtained by magnesiothermic reduction of SiO2 show a
series of sharp peaks characteristic of materials of very good
crystallinity (see Figure 3a). The XRD pattern for 30 nm Si
NPs is very similar to that of the polycrystalline Si standard.
The Bragg peaks in the XRD pattern for 8 nm Si NPs are
substantially broadened yet clearly discernible (see Figure 3a).
As expected, the degree of structural coherence in 8 nm Si NPs
is less than that in 10 and 30 nm NPs. No Bragg peaks of a
second crystalline phase are seen in any of the XRD patterns in
Figure 3a. By contrast, the peaks in the XRD patterns for the
organic ligand-capped Si NPs obtained by thermal decom-
position of HSQ (see Figure 3b) are more significantly
broadened (e.g., compare the XRD patterns for 7.9 and 13.6
nm NPs in Figure 3b with those for 8 and 10 nm NPs in Figure
3a), indicating a significantly lower degree of crystallinity. Such
XRD patterns cannot be analyzed using traditional techniques
like Rietveld analysis. By converting these data into atomic
PDFs (see Figure 4c), however, the rather diffuse XRD patterns
lend themselves to structure type identification and refinement
as we demonstrate below.
To consider the diffraction data for all Si NPs studied here

on the same footing, the XRD patterns of the Si NPs obtained
by magnesiothermic reduction of SiO2 were converted to
atomic PDFs as well, as shown in Figure 4a. As can be seen in
Figure 4a, the PDFs for 10 and 30 nm Si NPs obtained by
magnesiothermic reduction of SiO2 show a sequence of sharp
peaks reflecting the well-defined atomic coordination spheres
consistent with crystalline materials. The PDF peaks line up
well with those in the PDF for the polycrystalline Si standard
indicating a fcc atomic ordering of tetrahedral type. The main
difference is that the NP PDFs decay faster with increasing
interatomic distances, as expected for nanosized samples.18,19

For example, the peaks in the PDF for 8 nm Si NPs (see Figure

4a) are even much less pronounced, reflecting the quite limited
length (∼3.0 nm) of structural coherence in this sample. To
verify the 8 nm particles structure type, the respective
experimental atomic PDF was fit with a structure model
featuring the tetrahedral-type fcc lattice occurring with bulk Si.
The experimental PDFs for the polycrystalline Si standard, 10
and 30 nm Si particles, were also fit with this model. Details of
the fitting are given in the Experimental Section. As can be seen
in Figure 4a, all physical peaks in the PDF for the standard
sample are accounted for by a model featuring a periodic
tetrahedral-type fcc lattice with refined parameter of 5.430(3)
Å, which is very close to the bulk crystalline Si value of 5.431 Å.
This good agreement attests to the high quality of the present
high-energy XRD data and the PDFs extracted from them.
All but the very first physical peak in the PDFs for 8, 10, and

30 nm Si NPs fit very well with a model featuring a periodic
tetrahedral-type fcc lattice. The result shows that the atomic
ordering in these NPs shares most of the features of that found
in bulk Si, with the features becoming less and less pronounced
with diminishing NP size. The very first physical PDF peak at
1.6 Å is not accounted for by the fcc lattice model and definitely
does not belong to fcc Si because its first coordination sphere,
i.e., the shortest Si−Si distance, is positioned at 2.35 Å (see
Figure 4a). A PDF peak at 1.6 Å can be identified as the
shortest Si−O distance in SiO2 (see Figure 4b). Inspection of
the data in Figure 4a shows that the peak at 1.6 Å increases in
intensity with diminishing NP size becoming the dominant
PDF peak with 8 nm particles. At the same time, no other PDF
peaks that can be associated with a long-range ordered SiO2
phase appear. Therefore, the 1.6 Å PDF peak may only come
from a very short-range ordered SiO2 phase

29 that covers the
NPs surface and so becomes increasingly visible as the NP
surface to volume ratio increases with decreasing NP size.
Infrared experiments have also suggested the presence of SiO2-
type phase in Si NPs obtained by magnesiothermic reduction of
SiO2.

20 Obviously, from a structural point of view, these NPs
can be viewed as core−shell atomic configurations where the
core is a piece of the tetrahedral-type fcc lattice of Si and the
shell is an amorphous SiO2 phase.
The PDF data in Figure 4c for the organic ligand-capped Si

NPs obtained by thermal decomposition of HSQ show that
these NPs are quite distorted at the atomic scale and not
oxidized. The absence of a SiO2-type phase is indicated by the
fact that the first physical PDF peak/atomic coordination
sphere in the NPs is at about 2.35 Å. Evidently, passivation of
the NP surface with alkenes prevents surface oxidation.
The substantial structural distortions in the ligand-capped Si

NPs are demonstrated by the lack of well expressed PDF
peaks/atomic coordination spheres beyond the first one, as
typical for materials with only short-range order. On the basis
of the real-space distance at which the respective experimental
PDF decays to zero (see Figure 4b), the short-range order, i.e.,
the length of structural coherence, extends only to 7.0 ± 0.75 Å,
15.0 ± 0.75 Å, 21.0 ± 0.75 Å, and 24.0 ± 0.75 Å with 2.4 nm,
3.3 nm, 7.9 nm, and 13.6 nm NPs, respectively. Recent high-
resolution TEM studies30 have also indicated the presence of
multiple defects and significant structural distortions in Si NPs
similar to those studied here.
RMC simulations guided by the respective experimental

PDFs were performed to obtain a more detailed structural view
of the Si NPs obtained by thermal decomposition of HSQ.
Contrary to the lattice-constrained fitting of experimental
atomic PDFs, RMC simulations do not assume perfect atomic

Figure 5. RMC generated structure models of (a) 2.4 nm, (b) 3.3 nm,
(c) 7.9 nm, and (d) 13.6 nm Si NPs. The models are averaged over
several configurations resulted from different runs of the RMC
simulations.
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order and periodicity and so are very useful in the case of
materials with a very short length of structural coherence.
Figure 5 shows the RMC constructed models of the NPs of the
four sizes studied. They feature finite size NPs with free
surfaces. For readers’ convenience the starting atomic
configuration used in the RMC simulations of the 2.4 nm
particles and the resulted model are provided as Supporting
Information. Inspection of the models in Figure 5 reveals
significant atomic root-mean-square (rms) scatter and a
definitive lack of extended structural periodicity. The Si−Si−
Si bond angle distributions (Figure 6) and the average first Si−

Si coordination numbers (Figure 7a) were computed from the
model atomic configurations. For particles with size smaller
than 2−3 nm, the average coordination number is a strong,
nonlinear function of the particle size.31,32 It is due to the fact
that atoms at the NP surface are under-coordinated and the
surface to volume ratio is increasing rapidly with diminishing
particle size. For example, for a Si particle with size of 2 nm,
about 50−60% of the atoms are at the surface and so have only
2 to 3 first Si neighbors. For reference, atoms inside the particle
have the coordination number of 4, which is a characteristic
feature of the locally tetrahedral atomic ordering in bulk Si. The
average Si−Si coordination number for 2 nm Si particles is thus
significantly lower than 4. We also estimated the first Si−Si
coordination numbers by integrating the first peak in the
respective experimental atomic PDFs. Within the limits of the
error bars shown in Figure 7a, the RMC computed and
experimentally obtained Si−Si coordination numbers appear
very close to each other both following the theoretically
computed NP size dependence of the average Si−Si
coordination number. The RMC-computed Si−Si−Si bond
angle distributions are broad, consistent with substantial atomic
rms scatter, yet clustered around the tetrahedral angle of
109.5°. The results show that, despite the substantial structural
distortions, the atomic short-range order in the ligand-capped
Si NPs is of a tetrahedral-like type similar to that occurring in
bulk Si. In Figure 7f the full width at half maxima (fwhm) of the
RMC computed Si−Si−Si bond angle distributions are shown
as a function of NP size. As it can be seen in the figure the local
structural distortions, as measured by the Si−Si−Si distribution

fwhms, get increasingly stronger with diminishing NP size
consistent with the diminishing length of structural coherence
exhibited by the respective atomic PDFs (see Figure 7 c).
Therefore, from a structural point of view, Si NPs obtained by
thermal decomposition of HSQ may be viewed as config-
urations of Si atoms that are locally arranged in a tetrahedral-
like manner but lack the long-range periodicity of the fcc lattice
of bulk Si, becoming increasingly distorted at the atomic scale
with diminishing NP size. Thus, as demonstrated here, by
performing the analysis of the high-energy XRD data in real and
not in reciprocal space the nature of atomic ordering, phase
purity, and range of structural coherence in Si NPs of very
different degrees of structural perfectness can be determined
very precisely.
While the bulk Si passivates itself with an oxide layer of about

1.5−2 nm, such a surface layer would amount to a very
substantial oxidation of Si particles less that 10 nm in size,
exactly as our PDF data for 8 and 10 nm NPs show (see Figure
4a). Oxidation of Si NPs can be an obstacle for some
applications since it generates surface stress and, hence, affects
both NP optical and electronic properties.23a,33 Therefore, here
we concentrate on the properties of Si NPs obtained by thermal
decomposition of HSQ that are alkene terminated and so not
subjected to extra surface stress. Photoluminescence (PL) peak
maximum, quantum yield (QY), and Raman peak position21,34

for those NPs are shown in Figure 7b, Figure 7e, and Figure 7d,

Figure 6. Bond angles for 2.4 nm (squares in red), 3.3 nm (rhombs in
blue), 7.9 nm (up triangles in brown), and 13.6 nm (down triangles in
black) Si particles as extracted from the respective RMC models. The
bond angle of the Si crystal (solid line in black) is shown as well.

Figure 7. Experimental (solid stars) and RMC computed (open
circles) first coordination numbers (CN) of Si atoms (a); experimental
photoluminescence (PL) peak positions (symbols) (b); experimental
length of structural coherence (symbols) (c); experimental Raman
peak position (symbols) (d); experimental quantum yield (symbols)
(e); and fwhm, Δ, of Si−Si−Si bond angle distributions (symbols) (f)
as a function of NP size. Solid lines (in red) are nonlinear fits to the
respective experimental data. The fits may be well approximated with
an exponential-type function and so used for predictions beyond the
range of NP sizes covered by the present experiments.
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respectively, as a function of NP size. As can be seen in Figure
7, the PL maximum, QY, and Raman peak position all show a
very pronounced nonlinear NP size dependence. The prevailing
explanation of this size dependence is based on quantum
confinement effects leading to a spatial enclosure of the charge
(exciton) carriers in NPs.1 The effective mass approximation
(EMA) theory,35 e.g., Figure 8 in ref 21, is often used to
support this explanation. The EMA, however, is strictly
applicable only to perfectly periodic crystals, which is definitely
not the case with the ligand-capped Si NPs studied here. Some
theories of the optical properties of semiconductor NPs have
taken into account the presence of under-coordinated atoms at
the NP surface.36,37 The data here show that indeed the average
Si−Si first coordination number, which reflects the presence of
under-coordinated atoms on the Si NP surface, shows a
nonlinear dependence of NP size of the type exhibited by the
NP optical properties (e.g., compare Figure 7a with Figures 7b,
7d, and 7e). Furthermore, the degree of local structural
distortions within the NPs, as reflected by the broad fwhm of
the Si−Si−Si bond angles and the reduced length of structural
coherence, also show a similar nonlinear dependence of NP size
(see Figures 7c and 7f). Obviously, spatial confinement of
charge carriers due to finite NP size, large numbers of under
coordinated atoms at the extended NP surface, and local
structural distortions within NPs all coexist and so are likely to
affect the NP physicochemical properties collectively, each to a
different extent in different NPs. This may partially explain why
the optical properties of phase-pure Si NPs produced by
different techniques have shown significantly different NP size
dependences (e.g., see Figure 8 in ref 21 as well as the opposite
trends of QY in Si NPs investigated in refs 21 and 38). Studies
like ours can provide detailed structural information that will
help distinguish between differently behaving semiconductor
NPs of similar chemistry and size as well as constitute a firm
structural basis for verifying theories and steering NP synthesis
efforts in predesired directions.

4. CONCLUSIONS
We demonstrate that high-energy X-ray diffraction coupled to
atomic pair distribution function analysis and computer
simulations can determine the atomic-scale structure of both
dry and suspended in solution Si particles with sizes from 2 to
30 nm in fine detail. Depending on the synthesis route, the
nanoparticles appeared as Si nanocrystals with silica (SiO2)
glass shell or surface oxide-free but quite distorted atomic
configurations with only short-range, tetrahedral-like ordering.
Important structural features of the oxide-free nanoparticles
such as first coordination numbers, length of structural
coherence, and Si−Si−Si bond angle distributions were found
to exhibit virtually identical nonlinear dependences of the
particle size. The size range in which these structural features
become strongly size-dependent coincides with the size range
in which NP optical properties become size-tunable, at least in
this case of Si. The results indicate that not just diminishing size
but also the concurrent decrease in the atomic-scale structural
perfection may need to be accounted for to accurately predict
the physicochemical properties of NPs. Since NPs are finite and
essentially not uniform due to surface introduced effects,
finding the relevant structural basis for considering NPs
properties may necessitate going beyond the limits of
traditional, infinitely periodic lattices-based crystallography.
The present work demonstrates how this can be done with
success.
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