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Surface oxidation effects on the optical properties of silicon nanocrystals
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We report first-principles calculations for optical absorption spectra of hydrogenated silicon clusters in the
presence of oxygen on the surface. Our computational technique is based on linear-response theory within the
time-dependent local-density approximation~TDLDA !. The calculated spectra show that oxidation substan-
tially reduces the size of optical gaps in silicon nanocrystals. This result may explain a seeming disagreement
between the measured photoluminescence and theoretical predictions based on a quantum confinement model
in the limit of small clusters.
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Surface-passivated silicon clusters in the form of sph
cal quantum dots are frequently used in theoretical studie
simulate the optical properties of porous silicon.1 According
to this model, visible photoluminescence from porous silic
is associated with quantum confinement. Quantum confi
ment increases the optical gap in silicon nanocrystals
shifts photoluminescence into the visible range.2,3 However,
most calculations for optical absorption and emission in s
con dots do not take into account differences in structure
chemical composition of the dot surface. This creates an
biguity in the interpretation of experimental data. Almost
ab initio and empirical simulations available in literature u
silicon dots passivated with hydrogen.4–6 Other types of sur-
face passivation have not been studied. Only one of the p
lished works6 presentsab initio calculations for optical ab-
sorption of two silicon clusters with reconstructed surfac
Si29H24 and Si29H12. It appears that no first-principles stud
ies of the optical properties have been conducted for o
dized silicon clusters or clusters with surface defects. On
other hand, porous and nanocrystalline silicon studied in
periments are prepared under a variety of surface condit
determined by the etching technique and external chem
environment. Only a fraction of published experimental d
refers to ‘‘pure’’ hydrogenated silicon dots,7 whereas some
measurements are performed on partially oxidiz
nanocrystals.8 In many cases, the precise chemical compo
tion of nanocrystalline surfaces is not known.3,9

Theoretical calculations4,5 based on a quantum confine
ment model show good agreement with experimen
measurements7 for optical absorption in hydrogen-passivat
silicon clusters. In contrast, experiments performed on o
dized samples often display photoluminescence with e
gies significantly below the values of optical gaps predic
by the confinement model for clusters in the same s
range.8 Sometimes, this disagreement could be greater tha
eV. It has been suggested that the onset of photolumi
cence in silicon nanocrystals may be associated with the
tical Stokes shift10 and excitonic exchange splitting.11 Both
of these effects are shown to be significant in small silic
dots. However, it appears that neither the Stokes shift,
the excitonic exchange splitting alone could explain suc
large disagreement between experiment and theory.
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Recent experimental data present strong evidence that
face effects produce a very substantial impact on the e
tronic and optical properties of nanocrystalline silicon. Sp
cifically, Wolkin et al. observed a large redshift o
photoluminescence in porous silicon after exposure to o
air.12 The study reported a shift of photoluminescence of
order of 1 eV for samples composed of crystallites sma
than 2 nm in size. The observed redshift has been attribu
to surface oxidation of silicon nanocrystals. According to t
interpretation proposed in Ref. 12, oxygen creates trap
electron and hole states on nanocrystalline surfaces.
trapped surface states reduce the effective size of the op
gap. This mechanism can explain the difference between
energy of the measured photoluminescence and theore
predictions based on the quantum confinement model.

In this paper we investigate the effects of partial surfa
oxidation in hydrogenated silicon clusters. The goal of o
study is to assess the surface contribution to the optical
and improve the quality of theoretical models for porous a
nanocrystalline silicon.

Our computational approach is based on the fin
difference density-functional pseudopotential method.5,13 We
employ the Kleinman-Bylander form of Troullier-Martin
nonlocal pseudopotentials.14 Calculations are performed on
real-space Cartesian grid, without the use of explicit ba
functions. The exchange-correlation potential is appro
mated by the Ceperley-Alder local-density functional.15

Due to a very large number of possible configurations
oxidized silicon clusters, our present study is, for the m
part, limited to the case of a single oxygen atom attache
the cluster surface. Oxidized clusters were prepared fr
regular hydrogen-terminated spherical dots by replacing
hydrogen atoms on the surface with a single atom of oxyg
followed by relaxation of all interatomic forces. Atomi
forces were minimized by a variable metric algorithm.16 This
algorithm offers substantial savings in computer time o
the standard steepest-descent method. We performed a
prehensive search for low-energy cluster structures. To
the most stable configurations, we tested all possible p
tions of the oxygen atom on the surface. For each oxidi
cluster except for SiOH2, we selected two different geom
etries with the lowest total energies: one with oxygen
tached to a single silicon atom forming a double SivO bond
©2002 The American Physical Society02-1
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and the other with oxygen connected to two silicon ato
creating SiuOuSi bonds on the surface. Structures of the
clusters are shown in Fig. 1.

Absorption spectra and optical gaps were calculated u
linear response theory within the time-dependent loc
density approximation~TDLDA !.17 The TDLDA method
represents a natural extension of the ground-state den
functional formalism and the local-density approximatio
designed to include the proper representation of exc
states.18 Compared to otherab initio theoretical methods fo
excited states, TDLDA approach requires less computatio
efforts and can be used for relatively large clusters. Rece
we have applied this technique to compute optical spectr
hydrogenated silicon dots.5 Our calculations demonstrate
that TDLDA provides good agreement with experiment
optical gaps and low-energy excitations in these systems

The calculated absorption spectra of oxidized silicon d
are shown in Figs. 2 and 3. In Fig. 2 we compare the spe
of small oxidized and nonoxidized clusters. The comparis
indicates that the addition of oxygen creates new absorp
bands in the region of lower transition energies. Optical
citations with higher energies are also affected by oxidati
although some intense absorption peaks observed in non
dized clusters~such as the peaks at 6.6 and 7.8 eV
Si5H12) appear to be only slightly shifted. Figure 3 shows t
calculated spectra of the Si29OH34 and Si35OH34 clusters. As
expected, the overall change in optical absorption cause
the addition of a single oxygen atom becomes less visible
larger clusters. To make the effect of oxidation more evide
we plot in Fig. 3 the differential spectra calculated as
difference in optical absorption of the same cluster bef
and after oxidation. Positive values of differential photoa
sorption correspond to the new absorption peaks that ap
only after oxidation. The differential absorption spectra
Si29OH34 and Si35OH34 clearly show the presence of low
energy optical transitions associated with surface oxygen

FIG. 1. Structures of SinOHm clusters.
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The calculated optical absorption gaps in oxidized a
nonoxidized silicon dots are compared in Fig. 4. T
TDLDA gaps for nonoxidized SinHm clusters are adapte
from our previous work.5 Absorption spectra of large silicon
dots are essentially quasicontinuous and exhibit a large n
ber of low-intensity transitions near the absorption edge.
cause of that, the gaps reported in Ref. 5 were defi
through the integral oscillator strength rather than individ
optical transitions. The effective size of optical gaps w
evaluated at a very small but nonzero fraction of the co
plete electronic oscillator strength. The numerical value
this threshold parameter was set at 1024 of the total oscilla-
tor strength for a cluster. For consistency, in this work we u
the same criterion to define the gaps in oxidized silicon cl
ters. Figure 4 shows that surface oxidation reduces opt
gaps in hydrogenated silicon clusters by as much a
22 eV. The change in the size of optical gaps is consist
with the redshift of photoluminescence observed in Ref.
As such, we believe that surface effects are primarily resp

FIG. 2. Left: calculated TDLDA absorption spectra of oxidize
hydrogen-terminated silicon clusters. Right: TDLDA spectra
nonoxidized clusters.5 All spectra are broadened by 0.1 eV using
Gaussian convolution.

FIG. 3. Left: calculated TDLDA absorption spectra of Si29OH34

and Si35OH34 clusters. Right: difference in optical absorption b
tween clusters with and without oxygen on the surface. All spec
are broadened by 0.1 eV.
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sible for the disagreement between experimental photolu
nescence from oxidized silicon nanocrystals and theore
estimates based on the quantum confinement model.

Surprisingly, our calculation shows practically no chan
in the size of optical gaps between cluster isomers w
SivO and SiuOuSi bonds on the surface. At the sam
time, Figs. 2 and 3 reveal substantial differences in the sh
of optical spectra for these clusters. To understand
mechanisms of the gap formation, we studied electronic
citations in two selected clusters: Si35OH34 ~I! and ~II !. The
order of electronic levels near the gap is illustrated for b
isomers in Figs. 5~a! and 5~b!. These diagrams represent sim
plified schemes that show only the dominant single-elect
Kohn-Sham transitions within the TDLDA description an
do not account for correlations among individual excitatio
The energies of optical transitions shown in Fig. 5 cor
spond to one-electron singlet TDLDA excitations.17 As such,
they may differ from transition energies of the TDLDA op
tical spectra shown in Figs. 2 and 3, which correspond
collective electronic excitations. Nevertheless, the sing
electron diagrams are useful for the qualitative analysis
optical transitions in oxidized silicon dots.

The authors of Ref. 12 proposed that photoluminesce
in small oxidized silicon clusters occurs between the trap
electron and hole states, both of which are associated
the double SivO bond on the cluster surface. Specifical
the trapped electron state is ap-state localized on silicon an
the trapped hole state is ap-state localized on oxygen. Spa
tial distributions of electron densities for the lowest unocc
pied molecular orbital~LUMO! and the highest occupie
molecular orbital~HOMO! of the Si35OH34 ~II ! cluster plot-
ted in Fig. 5~a! confirm that these states are indeed rep
sented byp-states mainly localized on the silicon and oxyg
atoms. However, the distributions of HOMO and LUM
electron densities for the Si35OH34 ~I! cluster shown in Fig.
5~b! reveal a different picture. The LUMO state is, for th
most part, localized on two silicon atoms that form t
SiuOuSi bonds. At the same time, the HOMO state is n
localized on the oxygen atom. Instead, this electronic sta

FIG. 4. Comparison between the optical absorption gaps
regular and oxidized hydrogen-terminated silicon clusters. The g
for SinHm clusters are adapted from Ref. 5. The dashed lines are
a guide to the eye.
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spread among the layers of silicon atoms surrounding
SiuOuSi fragment. In both~a! and ~b! cases, the direc
dipole transitions between the HOMO and LUMO states
forbidden. The absorption edge for Si35OH34 ~II ! is formed
mainly by transitions from lower occupied orbitals to th
LUMO state. For this cluster, transitions from the HOM
state to higher unoccupied orbitals do not contribute to o
cal absorption near the gap. For Si35OH34 ~I!, however, both
of these types of electronic transitions are involved in
formation of the absorption edge.

Our calculations show that even a low concentration
oxygen on the surface can substantially alter the opt
properties of silicon nanoclusters. Experimental stud
however, are not always limited to clusters with low oxyg
content. To test how the optical gap would be affected
higher oxygen coverages, we computed the TDLDA abso
tion spectrum of an ‘‘oxygen-saturated’’ cluster Si35O6H24.
This cluster was prepared from the hydrogen-terminated
Si35H36 by replacing 12 outer-shell hydrogen atoms w
oxygen to form six double SivO bonds at the positions
symmetrically equivalent to that shown in Fig. 1 fo
Si35OH34 ~II !. The increase in oxygen coverage caused a
ther reduction of the absorption gap to 2.4 eV. This value w

f
ps
st

FIG. 5. Schematic representation of electronic levels in the
cinity of the gap for~a! Si35OH34 ~I! and~b! Si35OH34 ~II ! clusters.
In both cases, spatial distributions of electron densities are sh
for the HOMO and LUMO states.
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approximately 0.4 eV lower than the absorption gap
Si35OH34 ~II !, and almost 1.6 eV lower than the gap for t
nonoxidized cluster Si35H36. We did not see any evidenc
that the principal mechanism of gap formation for Si35O6H24
was different from that for Si35OH34. In our view, the addi-
tional reduction of the absorption gap in case of Si35O6H24
could be explained by interactions among oxygen-indu
electronic states.

As Fig. 5 indicates, the absorption gap for Si35OH34 is
reduced by the presence of localized oxygen-induced lev
In the limit of large clusters, the positions of these lev
should be essentially independent of the cluster size. S
the gaps in nonoxidized silicon clusters decrease with
creasing cluster size as a result of diminishing quantum c
finement, at some point the oxygen-induced states are
pected to cross over the electronic levels from the body
the cluster. After this point, the oxygen-induced states wo
no longer be located inside the gap. Using the results of
previous work for hydrogen-terminated silicon dots5 and as-
suming that the oxygen-induced states in larger clusters
not change much from those in Si35OH34 or Si35O6H24, we
can roughly estimate the cluster size at which this cross
would occur. Our calculations suggest that depending on
y-

.

m-
.
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fraction of oxygen coverage, the oxygen-induced sta
should not cross over the levels from the body of the clus
for silicon dots up to approximately 20–25 Å in diamete
For larger dots, the overall effect of surface oxidation on
optical properties is likely to be less important.

In summary, we have computed absorption spectra
optical gaps of hydrogenated silicon clusters in the prese
of surface oxygen. Our calculations were performed us
linear-response theory within the time-dependent loc
density approximation. The computed spectra demonstr
that oxidation reduces optical gaps in silicon clusters by
much as 122 eV. The change in the size of optical ga
was consistent with the redshift of photoluminescence
served in oxidized silicon nanocrystals. In contrast to a p
viously proposed model, we found that the reduction of
gap size is not necessarily associated with the double SivO
bond on the cluster surface.
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