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The structural, electronic, and optical properties of Si nanocrystals of different size and shape, passivated
with hydrogens, OH groups, or embedded in a SiO2 matrix are studied. The comparison between the embedded
and free, suspended nanocrystals �NCs� shows that the silica matrix produces a strain on the embedded NCs,
which contributes to determine the band gap value. By including the strain on the hydroxided nanocrystals, we
are able to reproduce the electronic and optical properties of the full Si /SiO2 systems. Moreover, we found that
while the quantum confinement dominates in the hydrogenated nanocrystals of all sizes, the behavior of
hydroxided and embedded nanocrystals strongly depends on the interface oxidation degree, in particular for
diameters below 2 nm. Here, the proportion of NC atoms at the Si /SiO2 interface becomes relevant, producing
surface-related states that may affect the quantum confinement appearing as inner band gap states and then
drastically changing the optical response of the system.
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I. INTRODUCTION

Silicon nanocrystals �Si-NCs� have known very intensive
research activity since last decade because of their very
promising light emitting properties.1,2 The confinement of
carriers in silicon structures leads to a strong enhancement of
the radiative transition yield and to increase in the emitted
photon energy. Embedding Si-NCs in wide band gap insula-
tors is one way to obtain a strong quantum confinement
�QC�. Si-NCs embedded in a silica matrix have been ob-
tained with several techniques as ion implantation,3,4 chemi-
cal vapor deposition,5–8 laser pyrolysis,9,10 electron beam
lithography,11 sputtering,12,13 and some others. Alternative
preparation methods produce NCs with different surface ter-
minations �D, F, C, and others� that earned some interest in
the last years.14–18 Moreover, also the role of nitrogen has
been recently explored.19

If the response of single NCs can be described as
atomiclike,9,11,20 in experimental samples, no two NCs are
the same, and collective properties have to be measured. Ex-
perimentally, several factors contribute to make the interpre-
tation of measurements on these systems a difficult task. For
instance, samples show a strong dispersion in the NC size
that is difficult to be determined. In this case, it is possible
that the observed quantity does not correspond exactly to the
mean size but instead to the most responsive NCs.21 Again,
NCs synthesized by using different techniques often show
different properties in size, shape and in the interface struc-
ture. The characterization of the effects of these quantities
�size, interface configuration, and passivation types� on the
final properties of the system, is of fundamental importance
in order to determine the best condition for light emission
and optical gain.

Previous works22–24 already observed that, while the elec-
tronic gap presents an oscillating behavior with the size of
the NC, the absorption threshold follows the QC for all the
sizes considered. The effect is that the expected photolumi-

nescence �PL� energy �that is associated to the electronic
band gap� and the observed Stokes-shift �that is related to the
difference between the absorption and emission energies�,
cannot be simply described as a function of the bare NC size,
but the specific configuration of the interface should be taken
into account.10

It has also been demonstrated that, for these systems,
while the inclusion of local fields provide an important con-
tribution to the absorption spectra, the excitonic and Cou-
lomb corrections almost exactly cancel out each other.22 This
allows a simplification of the algorithms adopted in the cal-
culations, still producing reliable results.

In this work, we present first-principles calculations of the
structural, electronic, and optical properties of Si-NCs of dif-
ferent size and shape, passivated with hydrogens, OH
groups, and embedded in a SiO2 matrix. The effects gener-
ated by the surrounding matrix on the electronic properties of
the NCs �of different size� are analyzed. In particular, we
compare a set of suspended �free� and embedded NCs in
order to investigate the effects of the strain and the role of
oxidation on the final properties of the system.

The paper is organized as follows. A description of the
theoretical methods and of the systems under investigation is
given in Sec. II. The structural, electronic, and optical prop-
erties for the embedded and suspended NCs are analyzed in
Sec. III. In Sec. IV, the effects of the NCs size and oxidation
are discussed. Conclusions are presented in Sec. V.

II. METHOD

The �-cristobalite �BC� SiO2 is well-known to give rise to
one of the simplest Si /SiO2 interface because of its diamond-
like structure.25 The crystalline embedded structures have
been obtained from a BC cubic matrix by removing all the
oxygens included in a cutoff sphere, whose radius deter-
mines the size of the NC. By centering the cutoff sphere on
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one silicon or in an interstitial position, it is possible to ob-
tain structures with different symmetries. To guarantee a
proper shielding of the introduced strain by the surrounding
silica, we preserved a separation of about 1 nm between the
NCs replica.26–28 The result is a structure with the silicon
atoms bonded together to form a crystalline skeleton with Td
local symmetry before relaxation. In such core, Si atoms
show a larger bond length �3.1 Å� with respect to that of the
Si bulk structure �2.35 Å�. No defects �dangling bonds� are
present, and all the O atoms at the Si /SiO2 interface are
single bonded with the Si atoms of the NC.

The optimized structure has been achieved by relaxing the
total volume of the cell �see example in Fig. 1, left panel�.
The relaxation of all the structures has been performed using
the SIESTA code29,30 and Troullier-Martins pseudopotentials
with nonlinear core corrections. A cutoff of 150 Ry on the
density and no additional external pressure or stress were
applied. Atomic positions and cell parameters have been left
totally free to move.

The hydroxided-strained NCs �s-Sixx-OH� are obtained by
extracting the NCs together with the first interface oxygens
from the relaxed NC-silica complexes, and then passivating
the surface with hydrogen atoms �Fig. 1, center panel�.
Also, the case of hydrogenated-strained NCs is considered
�s-Sixx-H� by replacing the OH groups with hydrogens �Fig.
1, right panel�. In the last two cases, in order to pre-
serve the strain, only the hydrogen atoms have been re-
laxed. The equivalent hydroxided-relaxed �r-Sixx-OH� and
hydrogenated-relaxed �r-Sixx-H� NCs are obtained by a fur-
ther optimization and relaxation of the whole systems.

The goal is to distinguish between the properties that de-
pend only on the NC from those that are instead influenced
by the presence of the matrix. The comparison of the results
relative to different passivation regimes �H or OH groups�
could give some insight on the role played by the interface
region. Electronic and optical properties of the relaxed struc-
tures have been obtained in the framework of the density
functional theory �DFT�, using the ESPRESSO package.31 Cal-
culations have been performed using norm-conserving
pseudopotentials within the local-density approximation with
a Ceperley-Alder exchange-correlation potential, as param-
etrized by Perdew-Zunger. An energy cutoff of 60 Ry on the
plane wave basis have been considered.

III. EMBEDDED VS SUSPENDED NCS

In this section, we analyze the role of the surrounding
silica matrix on the electronic and optical properties of the

Si /SiO2 systems. We compared the results of the composite
Si /SiO2 systems and the suspended ones, including the ef-
fects of the strain induced by the silica matrix.

Four embedded systems have been produced: the Si10 and
Si17 structures have been obtained from a BC-2�2�2 su-
percell �192 atoms�, while for the Si32 and Si35 NCs, the
larger BC-3�3�3 supercell �648 atoms� has been used.

Being the bonds near the interface much more strained
with respect to those in the NC core,28,32,33 the average strain
tends to zero for large clusters. Therefore, we adopted the
most strained bond value �MSB� �calculated from the differ-
ence of the largest Si-Si distance of the NC, with respect to
the bulk value�, as the parameter representing the NC strain.
For the four structures enumerated above, we obtained MSB
values ranging between 0.1 and 0.5 Å. The corresponding
suspended, hydroxided and hydrogenated, and strained and
relaxed NCs were obtained following the procedure de-
scribed in the previous section.

The calculated energy differences between the highest-
occupied-molecular-orbital �HOMO� and the lowest-
unoccupied-molecular-orbital �LUMO� for all the systems
are presented in Table I. First of all, we note that the gap of
the embedded NCs presents an oscillating behavior with the
NC size �disregarding the QC rule�, as already evidenced in
other works.22,34 For the hydroxided systems, we note that,
while the removal of the embedding medium produces a con-
stant reduction in the gap of about 0.15–0.19 eV, the removal
of the strain results in a gap enlargement that strongly de-
pends on the system considered, ranging from 0.07 eV
�Si35NC� to 1.29 eV �Si17NC�. This result reveals that the
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FIG. 2. �Color online� DFT-RPA imaginary part of the dielectric
function for the Si32 /SiO2 �solid�, s-Si32-OH �dashed�, and
r-Si32-OH �dotted�.
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FIG. 1. �Color online� The final optimized structure of the Si32

in �-cristobalite matrix �left panel�, Si32-OH �center panel�, and
Si32-H �right panel�. Red �dark gray� sticks represent the O atoms,
cyan �gray� sticks represent the Si of the matrix, and the yellow
�gray� thick sticks represent the Si atoms of the NC.

TABLE I. HOMO-LUMO gaps for the embedded and sus-
pended set of NCs. Units are in eV.

Si10 Si17 Si32 Si35

Embedded 1.77 2.36 2.62 1.62

Hydroxided strained 1.60 2.21 2.45 1.43

Hydroxided relaxed 1.97 3.50 2.93 1.50

Hydrogenated strained 4.66 2.51 2.90 3.14

Hydrogenated relaxed 4.61 4.06 3.54 3.43
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NCs can be subjected to amounts of strain that differs very
much from one to another. Besides, for strained NCs, also
the substitution of -OH terminations with -H produces gap
enlargements ranging from 0.3 eV �Si17NC� to 3.06 eV
�Si10NC�. These strong variations in the gap due to strain
removal and termination type will become clearer in the fol-
lowing, when the relationship between strain and oxidation
will be taken into account.

As already observed,22 even for the completely relaxed
hydroxided systems, we have a strong discontinuity of the
gap values with the NC size. Instead, the removal of the
strain in the hydrogenated systems produces a trend of the
HOMO-LUMO gaps that follows the QC, as expected.35

To analyze in detail the role of the embedding matrix, as
for the contribution to the absorption spectrum, like as for
the induced strain, we consider the reference case of the Si32
NC. The absorption spectra �expressed by the imaginary part
of the dielectric function, calculated within the DFT-random-
phase approximation �RPA�� of Si32 /SiO2, s-Si32-OH, and
optimized r-Si32-OH are presented in Fig. 2. We note that
the hydroxided-strained NC is able to reproduce very well
the spectrum of the full Si /SiO2 system in the 0–7 eV
region, which is indeed associated to the NC+interface
contribution.22,34 Instead, the removal of the strain produces
an enlargement of the HOMO-LUMO gap,36,37 and a conse-
quent blue-shift in the absorption spectra in this region. For
higher energies �above 7 eV�, the spectra of the suspended
passivated clusters do not match that of the composite sys-
tem, due to the absence of the silica matrix. These are very

general results that we have verified in all the cases of
Si /SiO2 NCs. As already demonstrated,22,35,38–40 the substi-
tution of hydroxyl groups with hydrogens results in a strong
blue-shift in the absorption threshold, and the disappearance
of the low-energy features that are related to the Si /SiO2
interface.

To conclude this section, we observe that the considered
NCs present different configurations of the Si /SiO2 interface.
In particular, the silicon atoms at the interface have a differ-
ent number of nearby silica oxygens. Intuitively, we expect
that a greater number of oxygen atoms could exert a larger
strain on the interface atoms. By defining � as the number of
average oxygens per silicon at the interface, i.e., as the ratio
between the number of oxygen atoms and the number of
silicon atoms bonded to them, we could compare the amount
of strain with the oxidation �. By looking at Fig. 3, we
observe, by comparing the properties of the hydroxided-
relaxed and strained NCs, that both the oxidation degree �up-
per curve� and the HOMO-LUMO gap shift �lower curve�
generally increase with the strain, as expected. A discrepancy
is present for the Si10 NC, which could be reasonably ad-
dressed to the fact that this is a borderline case in which all
the Si atoms of the NC are localized at the interface. Also,
the discontinuity could arise from the contribution of the
angular strain �not considered here�, and from the nonuni-
form behavior of the strain distribution near the interface.41

At the end, we summarize the effects of � on the energy
gap by reporting, in Table II, the HOMO-LUMO gap shift
resulting from the comparison between the suspended-
relaxed and strained NCs, with the corresponding � value.
As expected, � and the gap shift present the same trend.

IV. OXIDATION AND STRAIN

In this section, we explore the possibility that the strong
discontinuity in the energy gap values for the NCs analyzed
above could be related to the different passivation regime of
the interface silicon atoms. It is worth noting that a recent
size-dependent experimental study of Si 2p core-level shift

TABLE II. Oxydation degree, �, and HOMO-LUMO gap shift
resulting from the comparison between the suspended-relaxed and
strained NCs.

Si35-OH Si10-OH Si32-OH Si17-OH

Gap shift �eV� 0.07 0.37 0.48 1.29
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FIG. 4. �Color online� Stick and ball pictures of the final optimized set of hydroxided structures. Red �dark gray�, white �light gray�, and
yellow �gray� spheres represent, respectively, the O, H, and Si atoms.
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at Si-NC /SiO2 interface showed that the shell region around
the Si-NC bordered by SiO2 consists of the three Si suboxide
states, Si1+, Si2+, and Si3+, where for NCs smaller than about
3 nm, the presence of suboxides with higher oxidation be-
comes favored.42 In order to focus on this aspect, we pro-
duced a set of suspended NCs, each with different geometry,
size, and oxidation degree �see Fig. 4�. The strain has been
intentionally removed from all the NCs through geometry
optimization, to elucidate further the correlation between the
final gap value and �. In parallel to the hydroxided NCs, we
also built the corresponding hydrogenated systems, and we
then calculated the HOMO-LUMO gaps for all the structures
�see Fig. 5�. What emerges, for the hydroxided case, is a
strong and clear correlation between � and the gap value.
For these sizes, the dependence of the gap on � is much
stronger than that due to QC, so that a small variation in size
could correspond to a large variation in the gap value. The
effects of QC are still alive, but strongly modulated by that
of oxidation. As already anticipated, the hydrogenated case
does not instead depend on � but simply follows the QC. As
suggested by other works,23,38 we expect that for large clus-
ters, the gap becomes independent on the passivation regime
just following the QC.

Considering the results from the previous section, we
could guess that the inclusion of the strain would reduce the
HOMO-LUMO gaps of Fig. 5, depending �nonlinearly� on
the � value. In our opinion, this would reduce the gap-
fluctuations amplitude and also influence the QC trend. In
fact, by looking at Table I, we see that, by comparing, for
example, the Si17 and the Si32 embedded NCs, the final gap
does not follow the QC rule, even if they present similar
oxydation degrees. In this case, the strain completely over-
rules the oxidation effect. Instead, for very different � val-
ues, the final gap still presents a clear correlation to the oxi-
dation degree, again independently of the NC size. These
considerations suggest a final picture in which the gap of
small embedded NCs show an oscillating behavior with size,
and not strictly following the QC, as already observed in

other works.34,38 The large broadening of the PL spectra,
observed also at low temperatures,3,5,6,8,9,12,43–48 even for ap-
parently monodispersed multilayered samples,49 could be a
possible consequence of such fluctuations of the electronic
gap with the NC size.

The case of interface defects has been deeply investi-
gated, sometimes suggesting that they have a small in-
fluence on the radiative recombination,9,50–52 and other
times being indicated as the primary source for radia-
tive emission.4,7,10,12,46,47 Moreover, the presence of other
oxygen-bond types is frequently reported in experimental
samples, beside the single-bond type discussed here. Several
works report the Si–O–Si bridge bond as the most stable
configuration, and the Si=O double bond as the less ener-
getically favored.53–56 Besides, these alternative bond types
are especially favored for large clusters sizes.57,58 In conclu-
sion, we believe that these additional parameters �defects,
bond types� would not modify the general picture related to
the parameter � discussed above, making it a crucial quan-
tity for the characterization of small Si-NCs.

V. CONCLUSIONS

Considering the �-cristobalite phase of the SiO2, we have
generated silicon nanocrystals of different size that are em-
bedded in a silica matrix. The relaxed structures show that
the surrounding matrix always produces some strain on the
nanocrystal, especially at the Si /SiO2 interface. By including
the strain on the suspended hydroxided nanocrystals we were
able to reproduce the electronic and optical properties of the
full Si /SiO2 systems. Besides, the removal of such strain by
a total relaxation will produce a significant reduction in the
electronic gap. We found evidences that the amount of strain
exerted on the nanocrystal is connected to the interface con-
figuration, in particular to the number of oxygens per inter-
face silicons �oxidation degree�. Moreover, we revealed that,
while the quantum confinement dominates in the hydrogen-
ated nanocrystals of all sizes, the behavior of hydroxided and
embedded nanocrystals show a strong correlation between
the final value of the electronic gap and the oxidation degree
that seems to override the effects of quantum confinement
for nanocrystals of diameters below 2 nm. The final picture
indicates a competition between the oxidation and the strain,
in which the former tends to blue-shift the absorption spec-
tra, and the latter to red-shift it. At the end, we suggest a final
picture in which the gap of small embedded NCs shows an
oscillating behavior with size, not strictly following the QC
rule. The strong fluctuations of the electronic gap with the
nanocrystal size could be responsible for the large broaden-
ing of the PL spectra that have been observed experimen-
tally, also at low temperatures.3,5,6,8,9,12,43–49
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