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We employ density functional calculations to study properties of Si nanocrystals after backbond oxidation in
comparison to the ones passivated with hydrogen or hydroxyl. Structural parameters, pair excitation energies,
quasiparticle gaps, and electrostatic potentials vary significantly in dependence on degree of oxidation and
surface passivation. The variations are discussed within a quantum confinement picture. Blueshifts and red-
shifts observed in photoluminescence are related to the size of the Si nanocrystallite cores and the oxygen
incorporation via passivation with group OH or oxidation.
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The investigation of silicon quantum structures is a very
active field of research, due to the fundamental physical
properties and promising applications in advanced optoelec-
tronic and electronic devices.1,2 Silicon-based nanocrystal-
line materials such as porous siliconsPSid or silicon nanoc-
rystals (NC’s) exhibit an intense room-temperature
photoluminescence(PL) in the visible spectral region,3,4

whose mechanism is still under debate.4,5 The most accepted
models to explain the PL in nanosized materials are related
to quantum confinement effects. Quantum confinement in-
creases the radiative recombination and the optical gap of the
NC’s, thereby shifting the PL peaks in the visible spectral
range.4,6,7 However, numerous other mechanisms have been
proposed to explain the PL, including surface/interface
states, specific chemical compounds(e.g., siloxenes) or even
defects in the host material(see discussion in Refs. 4 and 5).

The role of oxygen in the energetical position and effi-
ciency of the PL has been demostrated for oxidized Si NC’s
and NC’s embedded in certain SiO2 matrices.4,8–11There are
contradictory experimental results concerning the shift of the
PL peak due to oxidation. While the PL blueshift from Si
NCs embedded in SiO2 matrices10 and from the oxidation of
porous Si(Ref. 11) seems to support the quantum confine-
ment model, there is evidence that a PL redshift is caused by
defect states.4 Theoretical studies are usually limited to the
effect of isolated O atoms at the NC surface.12–15Only in one
case a complete OH surface termination has been related to
the drastic gap shrinkage and reduction of the PL intensity.8

In this paper we study the variation of properties in
nanometer-sized Si dots with backbond oxidation in com-
parison to those for H and OH passivations. To this end, we
carry out first-principles calculations to derive optimized
structures of the Si nanocrystallites, electronic structures, and
optical absorption spectra. The calculations are based on the
density-functional theory(DFT) within the local-density ap-
proximation(LDA ).16 The exchange-correlation contribution
to the electron-electron interaction is described by the param-
trization of Perdew and Zunger. The electron-ion interaction
is modeled by non-normconserving pseudopotentials which
allow one to restrict the plane-wave cutoff to 22 Ry. This
method is combined with the projector-augmented wave
(PAW) method to construct the all-electron wave functions
and calculate the optical matrix elements.17 Bulk computa-

tions within the DFT-LDA yield cubic lattice constants of
a=5.404Å sSid and a=7.391Å (SiO2, ideal b-cristobalite)
or fundamental energy gaps ofEgap=0.44 eV sSid and Egap
=5.48 eVsSiO2d.

Apart from the Stokes shift, the energetical PL peak po-
sition and the onset of the optical absorption are determined
by the lowest electron-hole pair energyEpair. For confined
systems with free-exciton radii larger than the system extent
such an energy can be calculated by a generalization of the
delta-self-consistent-fieldsDSCFd method as differences of
DFT-LDA total energiesEpair=EsN,e+hd−EsNd, with the
ground-state energyEsNd of the consideredN-electron
system.18 The total energyEsN,e+hd of the system excited
by an electron-hole pair is calculated with the constraint that
the highest occupied molecular orbital(HOMO) state of the
ground-state system contains a hole, placing the correspond-
ing remaining electron automatically in the lowest unoccu-
pied molecular orbital(LUMO) state of the ground-state sys-
tem. EsN,e+hd accounts for two effects of the electron-
electron interaction after excitation. The interaction of the
excited electron(hole) yields a quasiparticle(QP), whose
energy is renormalized by self-energy effects and therefore
shifted to higher(lower) energy. In addition, there is an at-
tractive screened Coulomb interaction of the excited quasi-
electron and quasihole resulting in excitonic effects. Accord-
ing to the DSCF method, the quasiparticle gap without
excitonic effects is defined by means of the total energies of
the systems withN+1, N, and N−1 electrons, i.e.,Egap

QP

=EsN+1d+EsN−1d−2 EsNd.
Simple cubic(sc) supercells are used to model the NC’s

surrounded by vacuum. The symmetry of the NCs is con-
strained toTd by starting from one central Si atom and add-
ing its nearest neighbors, thereby assuming fourfold tetrahe-
dral coordination. This procedure is repeated atomic shell by
atomic shell up to the outermost Si shell, where the resulting
dangling bonds are saturated by hydrogen atoms. The as-
sumption of a diamondlike crystal structure is in accordance
with recent measurements by high-resolution transmission
electron microscopy(HRTEM).19 The starting structures of
NCs containing oxygen are obtained by introducing oxygen
atoms in between the Si-Si bulk bonds at the outermost NC
shells(backbond oxidation) or by replacing the H atoms at
the surface termination by hydroxylsOHd groups(passiva-
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tion with OH). Models with backbond oxidation without de-
stroying the Si-H bonds are supported by high-resolution
electron energy loss spectroscopy(HREELS) (Ref. 20) and
infrared (IR) absorption measurements.21 We study Si NCs
with cores containing 5, 17, and 41 Si atoms and up to two
oxide shells. A vacuum region of at least 1 nm separates
every NC from its supercell images, minimizing the NC-NC
interaction. The large forces and stresses caused by the Si
-O bond lengths of about 1.17Å decrease after ionic relax-
ation, when the bond lengths are about 1.60Å, i.e., the typi-
cal values of SiO2 polymorphs. Due to the symmetry con-
straint of the ionic relaxation and initial Si-O bond lengths
the minimization of the total energy is difficult and time
consuming.

Results of structural optimization for Si NC’s with the
same Si core are shown in Fig. 1. The bond lengths of each
atom were calculated and averaged shell by shell and plotted
versus the distance from the atom to the center of the NC. As
a result of the minimization of the total energy, the Si-Si
bond lengths deviate from the bulk value differently in the
core and close to the surface of the NC’s. The molecular
character of the NC’s with the smallest core gives rise to Si
-Si lengths slightly shortened with respect to the bulk value.
On the contrary, the largest coreshSi17j andhSi41j exhibit an
expansion of the Si-Si bonds in the core with a stronger
effect at the center.22 Oxidation of the nanocrystallites in-
creases this effect, but for two oxide shells a saturation of the
bond lengths occurs. The Si-O bonds lengths increase
slightly close to the outermost shells of the NC. There is
practically no variation of the Si-H bond lengths versus the
NC radii. Qualitatively similar effects as shown in Fig. 1
have been found experimentally for oxidized Si NC’s.23,24

For small sizes the NC’s are indeed expanded, whereas large
particles with diameters larger than 3.5 nm exhibit a contrac-
tion of the lattice planes. The Si-O-Si angles are smaller than
in the initial configurations180°d and decrease with respect
to the crystallite radius. The fact that the Si-O-Si angle de-

creases when an additional oxide shell is present indicates
that the oxidation of the nanoparticle can be a self-limiting
process and the limitation is related to the interface stress.25

The influence of the oxidation on the electronic structure
and hence the quantum confinement is presented in Table I
and Fig. 2. The HOMO-LUMO gapsEgap, the QP gapsEgap

QP,
and the pair excitation energiesEpair in Table I clearly dem-
onstrate the quantum size effect versus the diameter of the Si
cores. The values of the pair excitation energy and the DFT-
LDA gap of the NCs are close to each other, indicating a
cancellation of QP gap opening and Coulomb attraction of
electrons and holes.18 A comparison of the pair excitation
energies with QP gaps gives an electron-hole attraction of
0.5–1.0 eV for the smallest NC’s studied. The effect of the
backbond oxidation is obvious by comparing the gaps of the
crystallites hSi41j-H60, hSi17j-O36Si24H60, and hSi5j
-O48Si36H60, or the crystallites hSi17j-H36 and hSi5j
-O12Si12H36. As a result of the oxidation, the gap is increased
in dependence on the core size. This result is consistent with
the experimental observation of a blueshift after the oxida-

TABLE I. Fundamental DFT-LDA gapEgap, pair excitation en-
ergy Epair, and quasiparticle gapEgap

QP. The energies are given in eV
and the number of atoms in the NC core is indicated in braces.

Egap Epair Egap
QP

hSi5j-H12 5.64 5.72 6.77

hSi5j-sOHd12 4.12 4.44 4.91

hSi5j-O12Si12H36 4.89 5.10 5.69

hSi5j-O48Si36H60 5.13 5.19 5.55

hSi17j-H36 4.17 4.20 5.08

hSi17j-sOHd36 2.99 3.14 4.05

hSi17j-O36Si24H60 3.39 3.44 4.32

hSi17j-O96Si66H108 3.25 3.31 3.96

hSi41j-H60 3.22 3.25 3.81

hSi41j-sOHd60 1.89 1.93 2.48

hSi41j-O60Si42H108 2.33 2.38 2.91
FIG. 1. (Color online) Average bond lengths(in Å) and Si-O

-Si angles(in degrees) versus distance from center of the NCs for Si
cores with varying size. The different oxidation stages are indicated
by circles (H passivation), squares(OH passivation), up triangles
(one oxide shell), and down triangles(two oxide shells). The dotted
lines indicate the bulk Si bond length.

FIG. 2. (Color online) Average electrostatic potential along the
k001l direction versus distance from the center of the NC. The
positions of the LUMO states are indicated by horizontal lines. The
curves are aligned with respect to the vacuum level(zero energy).
Solid lines: hydrogenated NC’s, dotted lines: OH termination, short-
dashed lines: one oxide shell, and long-dashed lines: two oxide
shells.

BRIEF REPORTS PHYSICAL REVIEW B70, 033311(2004)

033311-2



tion of NC’s.10,11 The size of the Si core seems to be the
dominant factor for the magnitude of the gap and hence for
the position of the PL peak. For the same NC core, however,
an additional oxide shell reduces significantly the gap with
respect to the NC passivated with H. There is a saturation of
the gap when one compares the crystallites with one and two
oxide shells, for instance, the NC’shSi17j-O36Si24H60 and
hSi17j-O96Si66H108. On the other hand, the incorporation of
oxygen via passivation with OH group implies no significant
changes in the size of the Si core and a HOMO-LUMO gap
much narrower than the one for the NC passivated with H
and with one oxide shell. This tendency has been already
observed for the adsorption of isolated O atoms and OH
groups.12–15 The inspection of the spatial distribution of
HOMO and LUMO states shows that the pronounced gap
shrinkage in the case of a complete passivation with OH is
related to the delocalization of the LUMO state, the latter
induced by the oxygen atoms in the outermost shells.

The influence of oxidation on the pair excitation energies
may be explained by the variations of the electrostatic poten-
tial from the NC center into the vacuum region as shown in
Fig. 2. Apart from oscillations due to the shell structure of
the oxidized and hydrogenated NC’s, the curves in Fig. 2 are
similar to the spatial variation of the electron potential en-
ergy in a three-dimensional quasispherical quantum well. As
expected, the width of the potential well for the NC’s passi-
vated with H and with OH is smaller than for the ones after
backbond oxidation. As in a three-dimensional quantum
well, the position of the LUMO state with respect to the
vacuum level depends mainly on the effective size of the
NC, i.e., the width of the potential well. The abrupt variation
of the energetical position of the LUMO with the Si core size
in the presence of an OH termination is a consequence of the
different electrostatic interactions due to the number of dan-
gling bonds at the surface facets saturated by -OH. In gen-
eral, backbond oxidation increases both electron affinity and
depth of the electron potential of the NC. This is not only
consistent with the gap shrinkage(see Table I), but also with
the localization of the single-particle wave functions. The
presence of oxygen in the outermost shells delocalizes the
LUMO state, while the HOMO state remains mainly local-
ized at the center of the crystallite, as shown in Fig. 3 for
hSi17j cores passivated with H and covered with an oxide
shell. In all studied cases either the overlap between HOMO
and LUMO wave functions is small or the oscillator
strengths are small for the HOMO-LUMO transitions. In Fig.
4, the absorption onsets in the imaginary part of the NC
dielectric functioneNC show that the strongest optical transi-
tions correspond to higher energies than the gap energy. The
dielectric functionseSC of the supercell have been calculated
within the independent-particle approximation17 using the
DFT-LDA electronic structures, whereas the spectra for the
NCs sIm eNCd are obtained by means ofeSC= feNC+s1− fd,
where f is the crystallite-supercell volume ratio. This proce-
dure allows one to compare better the intensities of the peaks
in the spectra of different NC’s. The energy distribution of
the oscillator strengths for the NC’s withhSi17j cores show
that the indirect-gap character of Si bulk is still present, in-
dependently of passivation and level of oxidation. The onset
of absorption for NC’s reflects the trends for the pair excita-
tion energies and gaps presented in Table I.

In order to verify the role played by oxygen-related de-
fects at the NC/oxide interface or surface of the NC, we
study a Si double-bonded to an O atom. We replace a two-
hydrogen termination by one oxygen atom in the oxidized
NC hSi41j-O60Si42H108. The resulting HOMO-LUMO gap is
only 20 meV lower than for the fully oxidized NC, showing
that a defect of the type Si=O is less important for determin-
ing the gap, as depicted from previous calculations.12–15

Analogously, if a single oxygen is removed from a Si-O-Si
bond in the same fully oxidized NC, the change in the
HOMO-LUMO gap is also few meV. Both results suggest a
limited influence of oxygen related defects and type of oxy-
gen bonds(single or double) on the HOMO-LUMO gap of
NC’s, at least when a complete backbond oxidation already
occurred. Taking into account only Si, O, and H species, the
observed redshift of the PL peak position of about 1 eV
could be better explained by the passivation with OH without
the consideration of oxygen-related defects.4

In conclusion, we have studied the effect of backbond
oxidation on Si NC’s in comparison to NC’s passivated with

FIG. 3. (Color online) Square of the wave functions for the
HOMO (dark) and LUMO (light) states in the nanocrystallites
hSi17j-H36 (a) and hSi17j-O36Si24H60 (b). The Si (the largest
spheres), O (intermediate size spheres), and H (the smallest
spheres) atoms are indicated. The isosurfaces correspond to values
close to the maximum values.

FIG. 4. (Color online) Imaginary part of the dielectric function
versus photon energy of Si NC’s with different core sizes. Solid
lines: hSi5j core, dotted lines:hSi17j core, and dashed lines:hSi41j
core. The vertical lines represent the oscillator strengths for the
NC’s with hSi17j core.
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H atoms and OH group. Our first-principles calculations
show the importance of the quantum confinement effects for
both oxidized, OH- and H-passivated Si NC’s. The blueshift
measured in NCs after oxidation is related to the reduction of
the core caused by the backbond oxidation. Conversely, the
strong redshift measured in some NC’s exposed to air is bet-
ter explained by incorporation of oxygen via passivation
with groups OH. Although the passivation with OH does not
influence significantly the size of the Si core of the NC, the
electronic properties and consequently the HOMO-LUMO
gap are sensibly affected. No oxygen-related defects are
needed to explain the gap shrinkage in NC’s. The latter

mainly occurs due to the weaker localization of the LUMO
state of NC’s caused by the presence of oxygen atoms in the
outermost shells.
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