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Density-functional theory calculations have been carried out in order to study the structural, electronic, and
optical properties of oxidized silicon clusters and silicon nanocrystals embedded jn RRiDOthe isolated
clusters, different Si/O bonding geometries and various levels of oxidation have been investigated, checking
also the dependence of the results on the structure size. We provide strong evidences that not only the quantum
confinement effect but also the chemistry at the interface has to be taken into account in order to understand the
physical properties of these systems. In particular we show how the multiple presence of silanorelRe Si
bonds can be a reliable model for explaining the photoluminescence redshift observed in oxidized porous
silicon samples and it can be used as possible explanation also for the unexpected large photoluminescence
bandwidth in single oxidized Si quantum dots. For the silicon nanocrystals embedded ip en&itx, the
electronic and optical properties are discussed in detail. The strong interplay between the nanocrystal and the
surrounding host environment and the active role of the interface region between them is pointed out, in very
good agreement with the experimental results.
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I. INTRODUCTION attention (for review see Refs. 5 and).6This activity is
mainly centered on the possibility of getting relevant opto-

Silicon microelectronics devices have revolutionized ourelectronic properties from nanocrystalline Si. It is generally
life in the second half of the last century. Integration andaccepted that the quantum confinement, caused by the re-
economy of scale are the two key ingredients for the silicorstricted (nanometri¢ size, is essential for the visible light
technological success. Silicon has a band gap of 1.12 eV thamission in Si nanostructuresbut some controversial inter-
is ideal for room-temperature operation and an oxide thapretations of the PL properties of low-dimensional Si struc-
allows the processing flexibility to place today more thaf 10 tures still exist. The question of surface effects, in particular
transistors on a single chip. The extreme integration levelgxidation, has been addressed in the last years. Both theoret-
reached by silicon microelectronics industry have permittedcal calculations and experimental observations have been
high-speed performance and unprecedented interconnecti@pplied to investigate the possible active role of the interface
levels. The present interconnection degree is sufficient ton the optoelectronic properties of Si nanostructures. Differ-
cause interconnect propagation delays, overheating, and ient models have been proposed: Baiateal.” considered
formation latency between single devices. To overcome thishe role of the surface geometry distortion of small hydro-
bottleneck, photonic materials, in which light can be genergenated silicon cluster in the excited state. Wolkinal®
ated, guided, modulated, amplified, and detected, need to lmbserved that oxidation introduces defects in the Si-
integrated with standard electronics circuits to combine thananocrystalNC) band gap which pin the transition energy.
information processing capabilities of electronic data transfefThey claimed the formation of a SO double bond as the
and the speed of light. In particular, chip to chip or evenpinning state. The same conclusion has been reached in Ref.
intrachip optical communications all require the develop-9 and by ug? whereas Vasilieet al'! have pointed out that
ment of efficient optical functions and their integration with similar results can be obtained also for O connecting two Si
state-of-the-art electronic functiofs. atoms (single bond at the Si-NC surface. In Ref. 12, the

Silicon is the desired material, because silicon optoelecassistance of Si—O vibrations at the interface has been pro-
tronics would open the door to faster data transfer and highgrosed as the dominant path for recombination. The optical
integration densities at very low cost. Silicon microphotonicsgain observed in Si-NC’s formed by ion implantation in
has boomed these last years. Almost all the various photoni8iO,,'® by plasma enhanced chemical vapor deposition
devices have been demonstratetithe main limitation of (PECVD),'* and samples prepared by magnetron sputtéting
silicon photonics remains the lack of any practical Si-baseds giving a further impulse to these studies. Interface radia-
light sources. Several attempts have been employed to endive states have been suggested to play a key role in the
neer luminescing transitions in an otherwise indirectmechanism of population inversion at the origin of the
materiall After the initial impulse given by the pioneering gainl31416
work of Canham on photoluminescen¢elL) from porous This paper aims at answering the question of the absorp-
silicon (P9,* nanostructured silicon has received extensivetion and photoluminescence origin in silicon nanostructures.
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We provide strong evidences that the role of the interface TABLE I. List of all the studied clusters, classified by the type
region surrounding the silicon nanostructures have to bef surface passivatiorfrows) and by the core sizécolumns.
carefully taken into account in order to understand the strik-Full-H" stands for a passivation by H atoms only; “8D—Si" by
ing optical properties of these systems. Within the frameH atoms plus O in the backbond geometry;=SO" by H atoms
work of the density-functional theofDFT) we have exten- Plus O in the double-bond geomtery; and “8)-Si+Si=0" by H
sively studied the effects of oxygen on the electronic andoms plus O both in the back- and double-bond geometry.
optical properties of various types of silicon clusters. Varying i
the cluster size we have considered different bonding geonfond/size 0.5 nm 0.7 nm 1.0 nm
etries and diffgrgnt levels of oxidation'. Moreover, wetlhavefu”_H SiygHie SivaHao SiaHag
performedab initio total-energy calculations on small silicon

nanocrystals embedded in a Si@atrix stressing the inter- Shae
play between the nanocrystal and the surrounding host envgi—0—s;j SjH14—O SisHp0—0, SigsH34—O
ronment. . _ . o SiysH -0

The paper is organized as follows. A brief description of SipHie—O,
the computational methods is given in Sec. II. The study of 12716
the isolated Si clusters is presented in Sec. Ill. First the efsi=0 SijgH14=0 SijH1=0 SksHz,=0
fects of the different Si/O bond geometri€Sec. 11l B) are SiygH1,—0, SiyHyg—0, SizgHz,—0,
discussed, then the specific case of multiple oxygen passiva- SiyoH10=05 SiyHg=—04 SiggHo=—05

tion with silanonelike Si=O bonds(Sec. Il © is consid- : . _
ered. This particular bond has been studied also in view of its ShoHg=04 Shaflig=0  ShHzs=04
role in the initial state of silicon oxidatioll. The work on Si Sf1°H6:o5 ShaH1e=0> SiasH24=0s
nanocrystals embedded in Si@ reported in Sec. IV, where SizoHs=0s

the electronic and optical properties are extensively disy;_q_g; SiaH e~ 0—0

cussed. Finally in Sec. V some conclusions are presented.+Si_o

II. COMPUTATIONAL METHODS

All calculations have been performed within the frame- At relaxed geometry the electronic properties in terms of
work of the density-functional theor{DFT) with a plane-  band-structure/energy levels, total density of st&Td309),
wave pseudopotential approach. For the study of the isolategnd orbital spatial distribution have been determined using
nanostructures, two different codes have been us@dsMD  the same level of theory adopted during the SR. The optical
(Ref. 18 and cAsTER'*?!In the first case the electron-ion properties have been instead calculated within LDA with a
interaction has been described via norm-conservingang-py-hand scheme and for the embedded structures the
pseudopotentiatd generated following Martins-Troullier calculations were performed on differénpoints?® The ab-

AL .
prescdrlptlonsz,. %LnD-the seco?fd f cashe via fultra_soft sorption spectra have been obtained considering only direct
pseudopotentialS. Different cutofts for the wave-function (samek point) interband(between valence and conduction

kinetic energy have thus been adopted: 680. EVFHIBBMD band$ transitions, with no phonon assistance and with the
and 380 eV incASTER The structural relaxatiofSR) has g ; .
electric-field vectors taken as a fully isotropic average. No

been achieved using indifferently both codes, while the op- i i local-field d itonic_effect
toelectronic properties at relaxed geometry have been deters cNergy corrections, local-ield, and excrionic eftects

mined withcASTER For the embedded nanocrystals case W(@ave been included. The, choice of di.splaying the c?ptica}l re-
have usedcASTEP only, with special pseudopotentials suit- SUltS through the absorption spectderived from the imagi-

able for high-performance solid-state calculatirand a ki-  "ary part of the dielectric functidh is due to the possibility
netic energy cutoff of 260 eV. of an easier comparison with the experimental measure-

The relaxed geometry has been obtained within the localMents.
density approximatiofLDA) for the isolated clusters, while ~ For the isolated systems, because our method employs
for the embedded nanocrystals within the generalized gradthree-dimensional periodic boundary conditions, the clusters
ent approximation with the PBE exchange and correlatiowere placed at the center of a simple-cubic supercell of
(XC) functional. In all the cases one spedigboint (I') has  vacuum in order to ensure a complete isolation. Various tests
been used for the Brillouin zon@Z) sampling. During the have been performed considering different supercell side
relaxation procedure all the atoniim the isolated and em- lengths for each cluster size. The final side lengths have been
bedded systemsand the cell parameter@ the embedded set between 1.4 and 1.8 nm in order to ensure, for all the
system$ have been left free to relax. The tolerance for thecluster sizes, a minimum distance of 0.8 nm between the
force on atoms has been set to 0.05 eV/A, a compromisaearest atoms of the repeated supercells. In order to test our
between good accuracy and computational speed. For treetting band-structure calculations have been carried out for
electronic minimization we have used a density mixingsome systems at relaxed geometry. The flat behavior of the
scheme with conjugate gradief@G) Pulay solver! for the  electronic bands for the entire valence b&v@) and around
internal coordinates optimization a Broyden-Fletcher-the bottom edge of the conduction baf@B) proves the
Goldfarb-ShanndBFGS scheme’! achievement of a good confinement.
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FIG. 1. Stick and ball representation of the final relaxed struc-

tures of some of the studied systems. The grey balls stand for the Si

atoms, the black ones for the oxygen, and the small white ones for

the hydrogen.(@ SiygHis (b) SigH14-0O; (c) SiygH14,=0; (d) *

SigHao (€) SiigHz0-0z; (F) SigH16=0; (9) ShzH1e-0; (h) FIG. 2. Energy levels at-pointT and total density of states for

Si;zH16-0=0; (i) SigsHze; (1) SizaH3—O; (M) SiasH=0. two fully hydrogenated clusters, S, (@) and SiH46 (c); for two
clusters with Si=0 bonds, Si;H16=0, (b) and Sj,H5=0, (d);

Ill. ISOLATED CLUSTERS for two clusters with S+O-Si bonds, SjH,;—O, (¢) and
SioH16— 0, (f); for a cluster with one SiO—Si and one S0
Silicon nanoclusters with a passivated surface are used &snd, Sj;H,,—~O0—0 (g). The zero in each plot refers to the top of

the natural trial model for theoretical simulations on silicon-the valence ban¢ho relative alignment of the levels has been per-

based light emitting materials, such as porous sili@®® or  formed. The direct comparison clearly shows that a strong energy

Si-NC's. In a Si zero-dimension&DD) system, in fact, the gap reduction, due to the birth of new levels within the hydrogen-

strong quantum confinement can increase the optical infrareated energy gap, occurs by adding=SD bonds at the surfadsee

gap of bulk Si and consequently shift the optical transitionalso the corresponding values reported in Table Il

energies towards the visible ran§fe&’ This, for many years,

has been considered the main explanation of the visible ph@xidized samples often display an optical gap redshifted with

toluminescencePL) from PS. In the literature most first- respect to the predicted vald&s* and strong energy differ-

principle calculations and empirical simulations have usedences between absorption and emission peaks position. At-

hydrogen as passivating agent for the dots surf&€e’On  tempts which include the Stokes shift between ground and

the other hand, porous and nanocrystalline silicon samplesxcited staté or take into account the excitonic exchange

are obtained with a great variety of surface conditions. Theplitting*® have not been able to overcome the great discrep-

above-mentioned theoretical studies are in good agreemeahcy between theory and these experiments. This has sug-

with optical absorption measurements on hydrogengested that other effects have to be considered. In 1999 some

passivated silicon cluste?8,but experiments performed on experimental data have provided strong evidences that in
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TABLE Il. HOMO-LUMO energy gapsE,) of the Si-, Siiz,
and Sj,-core-based clusters.

Structure E, (eV)
SiyHa0 4.1
SijHpo— O, 4.0
SijHyg=0 2.4
SijH16=0, 2.3
SiigHg=0¢ 2.1 (@) HOMO LUMO
SijgHig—O 3.7
SiysH1=0 2.4
SijsHi—0=0 2.2
SipoH 16 3.8
SioH16— 05 3.6
SioH16=0, 2.3

silicon nanocrystals exposed to oxygen the chemistry of the
surface can produce substantial impact on their optoelec
tronic propertie$. Thus the theoretical approaches have
started to take into account oxidation and defects at the sur, r
face. But to date only a fewb initio calculations have been
carried out in this directiofi;11:44-48

In this section we report our results on the structural, elec-
tronic, and optical properties of isolated silicon clusters cov-
ered by hydrogen and oxygen. Various Si/O bond geom-
etries, coverage levels, and cluster sizes have beel
considered. A comparison with the experimental outcomes
concerning PS and heavily oxidized silicon nanoparticles is
attempted. During the discussion we compare the results o &
the electronic energy gaps to the PL energies of PS sample: «
Because the emission processes are in general different fror
the absorption ones, this can be considered a nontotally cor
rect approach. Nevertheless, the study of the emission spedc) HOMO LUMO
tra by DFT calculations is still a very difficult task and the

few theoretical works on the emission spectra from silicon FIG. 3. Comparison of the highest occupied Kohn-Sham orbitals
nanodots including Oxygéﬁ47,48 seem to support our (HOMO'’s) and the lowest unoccupied Kohn-Sham orbitals
conclusions (LUMO's) for clusters with three different surface passivati¢a:

H and two Si—O-Sibonds, Sj;H,,—O,; (b) H and two Si=0
bonds, SisH;s—0, (c) H and both types of Si/O bonds,
Si;sH1—O=0. The isosurfaces at 40% of the maximum amplitude
Five classes of clusters have been considered: one withae reported together with the stick and ball representation of the
mean core diameter of 1.0 n{Bi;s-core baseq three with a  relaxed structures. The black arrows show the location of the oxy-
mean core diameter of 0.7 nif8i .-, Shs, and Sjr-core  gen atoms. The localization of the orbitals on the double-bonded
based, and one with a mean core diameter of 0.5 nmoxygen shows clearly that the=SiO bonds strongly influence the
(Siy-core based Two types of Si/O bond geometries have character of the states at the band edges also when both types of
been extensively studied: the -SiO—Si backbond (or ~ Si/O bonds are present.
bridge and the silanonelike S0 bond?° In the backbond
geometry, typical of the Si§) we have considered the O nated surface. The hydrogen atoms are positioned along the
atom in between both first and second nearest-neighbor $¢trahedral directions in order to saturate all the dangling
atoms; in the silanonelike configuration, where the O atom idonds. Because experimental data suggest a crystalline ge-
double bonded with one Si atom, different initial bond ori- ometry for the Si nanostructures in most of the samples we
entations have been attempted in order to achieve, by geonare interested irfparticularly P$, we have considered the
etry relaxation, a structure that was the closest to the energyrystalline bulk cut as the best starting structure to model the
global minimum as possible. Si core of the clusters. Clusters’ geometries obtained by
The initial cluster geometries have been obtained startingimulated annealing calculations at “high” temperatures can
from a crystalline diamondlike Si core structufies., bulk  be used as an initial guess if no information about the struc-
cut) with a Ty interstitial symmetry and a hydrogen termi- tural properties of the cluster are available or the simulation

HOMO LUMO

A. Model and structural properties
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FIG. 5. Energy-gagEg) behavior as a function of the number of
silicon atoms of the cluster cores, i.e., as a function of the cluster’s
size. Circles: full-H passivated surface; squares: with ore0SiSi
bond; triangles: with one SEO bond. While with a full-H passi-
vation the trend follows the quantum confinement theory, with the
Si=0 bond presence thg, seems practically unaffected by the
size of the cluster in agreement with the experimental results of
Wolkin et al. (Ref. 8.

Absorption (arb. units)
o
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© @ . o .
Energy (eV) Energy (V) the Si=0 bond orientation is always “perpendicular” to the

FIG. 4. Calculated absorption spectra for four different Si Clus_surface, .., In thE’T sar_ne plane OT the two nearest S'__S'
ters: (a8 SigHxp (D) SiHxp—0, (0) ShaHie—O, (d) bonds, along the bisecting line. This final geometry, which
SiyHys~O—O (an artificial Gaussian smearing of 0.05 eV has d0€s not depend on the number oS0 bonds present at
been appliel The optical behavior follows the electronic one with the surface, seems to be supported by an x-ray absorption
the absorption onset strongly modified by the presence of thdine-structure study on the interface between Si and, 31O
Si=0 double bondsfirst optical transitions strongly redshifted ~ Which reveals a “strong Si/O bonding oriented preferentially

closer to the surface normal.” On the other hand, the intro-
of a specific formatiorigrowing procedure is required. Fur- duction of the O atoms in the backbond configuration pro-
thermore, the experimental evidences on the “ability” of H todUces an appreciable modification of the Si core in the vicin-
freeze the Si surface in the perfect crystalline geometry, alsfly Of the bond position, especially when the O are placed in
at room temperatur®,support our choice, especially for low Petween the first nearest-neighbor Si atof8§,H;0-0).
oxygen-coverage levels when the dangling bonds at the suf-h€ angle and bond-length variations go towards a final ge-
face are mainly saturated by H atoms. omeFry fqr the _S‘rO—Sl close to the quartz_ one. A more _

The oxidized clusters have been built up substituting Hdetailed discussion on the structural properties is reported in
and Si atoms of the initial hydrogen-capped structures witrfref. 10.
oxygen. In particular the SO bonds have been obtained
by replacmg with one oxygen COUp.IeS of H .atoms bonded to B. Optoelectronic properties: The chemistry of oxygen at the
the same Si atom. At each oxygen introduction we have stud- surface
ied the different possible configurations of the surface, i.e.,
different relative locations for the StO bonds, playing The following discussion is mainly focused on the effects
with the symmetry of the systems and the six possibleof different Si/O bond geometries at the surface of clusters
O-double-bond sites available for each cluster. The structure&ith the same Si-core size. In particular the results for the
have been then relaxed by total-energy minimization. All thethree classes of clusters with mean core diameter of 0.7 nm
systems, classified by type of Si/O bond and Si-core size, ar@'e¢ presented. In addition some results on the effects of the
listed in Table I. The stick and ball representations of someSi-core size on the oxidized clusters are discussed. At the
of the final geometries are reported in Fig. 1. end, a direct comparison with experimental results of Wolkin

The relaxation has produced structural changes with reet al® is attempted.
spect to the initial geometry which strongly depend on the Once the relaxed geometry has been obtained, the elec-
type of surface passivation. A full-H saturation, as expectedtronic and optical properties of the clusters have been evalu-
leaves unchanged the initial bulklike structure of the Si coreated. In the case of a full-H surface saturati@H,o), a
When Si=0 bonds are added at the surface, the modificahuge opening of the electronic energy dgé&g) with respect
tion of the Si core is very limited. In the relaxed geometryto the Si-bulk cas¢see Table Il is found, in total agreement

035340-5



MARCELLO LUPPI AND STEFANO OSSICINI PHYSICAL REVIEW Br1, 035340(2009

TABLE Ill. HOMO-LUMO energy-gap values(Eg) for the 5
Siig, Sha, and Sis-core-based clusters. All the possible configu- ‘@ ]
rations at each oxidation levéhumber of Si=O bond3 are re-  45[ A SigH =0 ]
ported.X, Y, andZ label the Sui;O bond orientation with respect to . ' ® Si, H=0_ E
the system of reference of Fig. 8. : ® Si,H=0_ : %
Structure Eq (eV) 3'5:A ] §
SijH16 4.7 3:_ 18
SiyoH14=0[Y] 2.5 2.5 l (6] . |§
SiyH14=0[Z] 2.5 B ! 8 =] o
SirgH1,—0,{Z][-Z] 25 2 8 o o
SiscHio—0,(X][Z] 2.2 sk 8 g
SiyoH10=03[ -X][-X][Z] 2.0 o 3 2 3 ry 5 o
SiygH10=03[X][-Y][Z] 1.6 Number of Si=O Double Bonds
SiaoHg—OdXI-X] V] -v] L9 FIG. 6. HOMO-LUMO | function of th
SipHg— O XI[-X][~Y[Z] 17 - 6. HOMO- energy-gap values as a function of the
10rieT number of S=0 bonds at the surface for the three classes of
SiigHe=0s[ XI[-XI[Y][Z][-Z] 17 cluster with different core size. Circles: ;§H,—=Oy,; squares:
SijoH,=0¢ 18 SiysH,=0,, and triangles: SiH,—O,,. The different values for

. the same cluster at fixed number of=SO bonds correspond to
SiygHzo (FHISEMD) 4.1 different relative locations of the StO bonds at the surface. A
Siy4H1g=0[Z] (FHI98MD) 2.4 strong reduction with respect the fully hydrogenated cases occurs
SiyH1g=0[Z] 25 with the addition of the first S=0 bond. The addition of more
SijH16=0,[Z][-Z] (FHI98MD) 23 Si=0 bonds produces weaker reductions and a sort of saturation
SiyHye— O ZI(X, ~Y)] 292 limit seems to be reached.

SipaH14=04[ (X, V) I[(x, =y)1[Z] 22 increases increasing the number 08D bonds at the sur-

SiygH1=0, (X, Y [(X, Y[ (-x,~-V)][Z] 2.1 face.

SiygH1o=04[ (X, Y L%, =Y (=%, ) ][(=%,~Y)] 1.9 On the other hand, with the addition of-8D-Sibridges

SiysHg—04 (FHI93MD) 21 _the electrqmc. properties are less gffected. The valence band
in fact maintains its hydrogenatedlike character and only the

SizsH3s 34 conduction-band states show a new weak localization on the

SigeHa—O[ Y] 23 added oxygen atonj&ig. 3(a)]. TheEy is reduced, but not as

. in the Si=0 bond cases. Also when the addition of oxygens
SigsH3,=0,[ Y][Z] 2.2 S ! Ld , :

) implies the substitution of some atoms of the Si core, mim-
SigsHa0=03[~X][-Y][Z] 18 ing the attack of oxygen towards the inner structure, the re-
SizsHg= O X][-XILYI[-Y] 1.8 duction is still of the order of a few tenths of §¥ig. 2(f)].
SizsH4=04 1.7 The addition of both types of bonds on the same structure

(SiigH16—O=0) produces a finaE, value strongly red-

. . , . shifted[compare Figs. @) and 2a)], very close to the cor-
with the quantum confinement modeBut if hydrogen is respondent results for the double-bond céSigsH;g—0).

replaced by oxygen the situation can change radically. Thgpe gpatial distribution of the Kohn-Sham orbitals shows an
way the changes occur is strictly related to the Si/O boncyigent localization of the states around the band edges on
type. the oxygen of the Si=O bond but not on the SiO-Si
With Si=0 bonds new electronic states appear near bothridge [see the HOMO and LUMO plotted in Fig.(@].
band edges causing a strong reductieed shify of the E;  Therefore the electronic properties are mainly related with
with respect to the full-hydrogen passivation cfisigs. 4b)  the presence of the SO bond which overwhelms the back-
and 2d)]. These new states are mainly localized on the oxy-bond type. This result is important with respect to the obser-
gen atoms, as shown by the spatial distribution of the Kohnvations of Chabal and co-worket§%? Studying the initial
Sham orbital®¥® [see, for example, the highest occupiedstage of oxidation of hydrogenated silicon surfaces, they
Kohn-Sham orbitalHOMO) and lowest unoccupied Kohn- have demonstrated that whereas for thd Hl surfaces oxy-
Sham orbitalLUMO) plotted in Fig. 3b)]. The more Si=O  gen is incorporated into Si—Si bonds, for thg180) sur-
bonds are drawn at the surface the more new oxygen-relatddces the initial oxidation involves both the presence of
states approach the band edges and accumulate there. In tHsuble bonded oxygen and oxygen in the backbond. Yet a
way the electronic and consequently the optical behavior o€luster contains more or less all the possible surface orienta-
the clusters become characterized mainly by the doubletions, thus it is the presence of double-bonded oxygen that
bonded oxygen. Even the presence of one=8 bond can mainly determines the electronic and optical properties of the
affect deeply the electronic behavior of the clusters. In thesilicon nanoclusters.
Siys-core-based case, for example, thg is reduced by The results of the optical properties reflect the electronic
1.5 eV with the introduction of the first oxygen. This redshift ones. In Fig. 4 we show as an example the absorption spectra
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FIG. 7. Energy-gagEg) values as a function of the number of
Si=0 bonds at the surface for the;&i,—=O,,. EachEy value, Z
Wh'.Ch corre_spond_ to a specific location of the=SD bonds, is FIG. 8. Cartesian system of reference used to label the different
indicated with a different symbol. The dashed, dotted, and dashed-_ .. . . o .

. . configurations achieved positioning the=SD bonds on the six
dotted lines are only guides for the eye and show the further reduc-

tions of theE.. when new extra SiO bonds are added in such a avallab'le S|tes._ The available sites are |nd|cated_as the dangling
9 ; bonds in the stick and ball representation of thgy8ore class.
way that the symmetry of the system is reduced.

o . ) hydrogen case and the oxidized one, an inverse dependence
of some of the clustergan artificial Gaussian broadening of of the redshift on the cluster size is displayed.

0.05 eV has been appliedThe huge reduction of the elec-  The experimental results of Wolkiet al.? on the PL be-
tronic Ey caused by the presence of double-bonded oxygehavior of freshly etched PS samples made of crystallites of
has its equivalent in the strong redshift of the absorptionvarious sizes, show a large PL redshift when they are ex-
onset[compare Figs. @) and 4c)], whereas oxygen in the posed to open air. The great amount of the reduction is
backbond geometry slightly modifies the absorption behavioachieved yet in the few first seconds of expo8wraen the
[Fig. 4(b)]. With the contemporary presence of oxygen in theoxidation has just begun and it is supposed that only a few O
double and single bond configuratipfig. 4(d)] the absorp- atoms have attacked the surface. This means that our hydro-
tion onset is set exactly at the energy of the transition begenated clusters with some Si—H bonds replaced by Si/O
tween HOMO and LUMO(which are Si=0 related states bonds can be a reasonable model for this type of samples at
showing that the first optical transitions in this case arethe beginning of the exposure. The reported PL shift displays
mainly due to the Si=O presence. In general it emerges thata clear inverse dependence on the initial hydrogenated Si
for all the oxidized clusters the absorption onsets correspondanocrystallites sizes, the same trend shown by our cluster in
exactly to the HOMO-LUMO transition. Because we find the presence of SO bonds. Moreover, it is shown that the
that all the transitions between the near-band-edges states a&fgift is of the order of 1 eV for samples composed of crys-
allowed, the character of those states directly influences thiallites smaller than 2 nm in size. If we consider that the size
optical activity. of our clusters is less than a half of the smallest samples of
In the previous discussion we have shown that on clusterBef. 8 the agreement between our models with double-
with the same size the effects of the addition of oxygen atbonded oxygen atoms and the experiment is very good. At
oms strongly depend on the type of Si/O bond that islonger exposure times one can expect that the oxygen attacks
formed, i.e., on the chemistry of the surface. In Fig. 5 wethe Si structures forming a sort of thin capping Si@/olkin
report the results on the effects of the oxidation once theet al. clearly measurdby Fourier transform infrared spec-
dimension of the Si core changes. The HOMO-LUMiQfor  troscopy the growing of the signal relative to the presence
three different surface passivations is plotted as a function obf the Si/O bonds with the exposure time, which at a certain
the number of the Si-core atoms, i.e., of the cluster size. Withpoint saturate indicating a stable situation of the crystallites
a full-hydrogen passivatioftircles in Fig. 5 an inverse de- surface® In the SigH,;,—O0=0 case, in a certain sense, we
pendence of theée, value from the size of the system is model this final situation with the contemporary presence of
displayed, in agreement with the quantum confinemenbridges, typical of the SiQ and Si=O bonds. The new
theory. Adding an oxygen in the backbond geomésguares  states at the band edges localized on the=8i bond sug-
in Fig. 5 produces a weak reduction of tiig but still the  gests that also at long times of exposure the predominant role
difference between the values at different sizes is large. Witlon the optical activity of the nanocrystallites can be played
one Si=0 bond at the surface instead thg seems practi- by the Si=0 bonds. Therefore in our opinion among the
cally unaffected by the core size: the val@gfangles in Fig.  possible configurations for the surface oxidation of silicon
5) lie in fact within less than 0.2 eV. The quantum confine-crystallites, a model which contains=SiO bonds is the most
ment theory alone fails in explaining this behavior. If e  appropriate to explain the peculiar PL properties of oxidized
redshift is evaluated as the difference between the fullPS samples and nanocrystals.
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FIG. 9. Energy levels dt-pointI” and total density of states for six different surface configurations of thel §=0,, class of clusters.
(@) SijgH1e (b) SiygH14=0LY]; (0) SiyoH1,=0,[Z][-Z]; (d) SiyoH1,=0,[X][Z]; (&) SiroH10=0aXI[-XI[Z]; (f) SizoH10=03[-XI[-Y]
X[Z]; (9) SiigHg=04[XI[-XIYI[-YT; (h) SiygHg=0,[ X][-X][-Y][Z]; (i) SijgHe=0Os; (1) Si;gH4=0¢. The zero in each plot refers to the
top of the valence bantho relative alignment of the levels has been performédis clear that when the SO bonds are drawn on
equivalent “sites” degenerate states appear within the hydrogeBgtetlile if they are set on nonequivalent sites the degeneracy is broken
causing a highegg redshift(compare, for example, thig) and(d) cases
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C. Optoelectronic properties: Effects of multiple passivation configurations. With one S0 bond theE, is independent
by Si=0 bonds of the site where the bond is ?ormedcompare

. . . . Si;pH14=0[X] and SjH;,=0[Y]; the adopted Cartesian

In the following we discuss in more detail the results ONgystem of reference is defined in Fig. 8Vith two Si=0

multiple passivation by SO bonds. In order to ideally nn4s two types of configuration can be achieved: a more
simulate the air exposure of the crystallites in PS Sa”‘pp'essymmetric one, with the two bonds along the same &gis

the number of oxygen atoms in the=SiO geometry has example SjH;,— O,[X][-Z]) and an asymmetric one, with
been progressively increased at the cluster’s surface. the bonds along different Cartesian axéer example,

In Table Il the calculated electronic gap values are re-sj H .—0,[X][Y]). In the first case the gap is unchanged
ported for all the core sizes, coverage levels, and differenfyith respect to the case with one=SiO bond, while in the
symmetries. As shown before, tlg with one Si=0 bond  second case a further reducti@round 0.4 eYoccurs. With
at the surface is set almost at the same value for all thénree Si=0 bonds we obtain a similar result. Adding a new
classes of clustergwithin 0.2 eV). The addition of new Si—O bond along an axis different from those of the exist-
Si=0 bonds reduces thg;, but the reduction is not linear ing Si=0 bonds induces a further redshiéround 0.5 eV,
with the number of oxygen atoms. In all the cases in fact thesee the differences between;gBi; ;=05 X][-X][Z] and
strongest redshift is achieved with the firs£SO bond. The  SijgH,,=0,[Z][-Z] and between S$iH;;=05X][Y][Z]
presence of a second=SiO bond produces a further reduc- and SjyH,,=0,[X][Z]); instead a very small or almost zero
tion but weaker than the first and so on reaching a sort ofeduction of theE, occurs when the third SO bond is
saturation limit. This behavior is clearly shown in Fig. 6 added along the same axis of an existing=%) bond(see
where thek, for the different core sizes is plotted as a func- Si;gH,,=0,[X][Z] and SjoH;,=04[X][-X][Z]). Therefore
tion of the number of SE=0O bonds. Similar calculations the introduction of a new SO bond causes a further re-
performed on a cluster with 66 Si atoPAsonfirm our re-  duction of theEy only if it lowers the symmetry of the sys-
sults: thek, shows a huge reduction with the first four oxy- tem while if the symmetry is maintained the gap remains
gen atomgin that case 24 sites are available for the forma-unvaried. This is explained by the fact that when a new
tion of Si==0 bond$ and then a saturation limit occurs. Si=0 bond is formed at the surface, if its orientation is

The addition of new Si=0 bonds can be done in various equivalent to an existing SO bond, the band-edge states
ways. For a fixed cluster size and at fixed number e£8)  associated with the new bond have the same energy of those
bonds, the differenky values displayed in Fig. 6 correspond of the equivalent pre-existing bond; this brings to a two-
to the various nonequivalent surface configurations achiewimes degenerate state at both band edges and no changes in
able. In Fig. 7 theEy of one class onlySi;-core basedare  the energy gajpcompare, for example, Figs(l9 and 9c)].
reported using a different symbol for each of the ten possibléf the new bond is formed along a different direction no
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FIG. 11. Top view of the relaxed structure for theB8i0,8
FIG. 10. Energy-gap redshift for three different classes of clus-supercell. The white and the gray balls stand for the Si and O atoms
ters as a function of the number of=SiO bonds at the surface. Of SiO,8, the black ones for the Si atoms of the NC. The two
Circles: SiH,=Oy, squares: SiH,=—O,, and triangles: dashed circles help to highlight the three different regions in which
SizsH, =0y, The redshift is calculated as the difference between ghe final relaxed structure is organized: the strained Si(M@er
specific surface configuration and the corresponding fully hydrofegion, a cap shell of distorted SiB around the NGbetween the
genated onéthus the zero in the plot for each class stands for thedashed circlgs and an outer region of crystalline Si@

nonoxidized casen=0). A saturation tendency is clearly displayed inal Il th . tal t th tical
in all the three cases reproducing the results of the PL redshift o mazingly we € expenimental outcomes on he optica

oxidized crystallites in PS samples measured by Wodtial. (Ref. ehavior 460f intentionally oxidized crystallites in  PS
9. sample$:

The presence of a saturation limit for the PL redshift can
degeneracy occurs and the new energy levels are shifted e explained through our model thinking that eack=%)
energy with respect to the existing ones with a consequeriiond acts separately from the others producing its own lo-
reduction of the gapsee Fig. @d)]. Once the maximum dis- calized states that interacts very weakly with those produced
order for the surface is reached the addition of furthe=® by another Si=0O bond. This view is supported by the com-
bonds can produce only an increasing of the symmetry whiclparison of the energy levels and TD@& an example, see
can lead to an almost null opening of the gégse the values Fig. 9). Independently from the structure size, for one=8D
for the configurations with four, five, and six=SiO bonds in  bond we see one new state at the top of the VB and one at
Fig. 7). A very similar behavior is displayed also by the otherthe bottom of the CB. For two SO bonds in the asym-
classes of clusters, even if the differences between the vanwetric case we clearly distinguish two states at the top of the
ous configurations become weaker. VB and two at the bottom of the VB. For four and six they

Another way of seeing th&, behavior as a function of become four and six, taking into account the degeneracy in-
the Si==0 bond number is to plot the relative redshift with duced by equivalent SEO bond positions.
respect to the full-HEy as done in Fig. 10. The zeros corre-  These results can provide a reliable model to explain re-
sponds to the full-H case. A bigger number oS0 bonds  cent measurements on the PL peak widths of single oxidized
can be seen as a longer exposure to air, i.e., oxidation, of thalicon quantum dots. Normally, in PS and Si nanocrystal
crystallites in PS samples. Thus, assuming that the excitesamples, a large PL bandwidth is observed, but this fact can
state does not change radically the band-edges situation bé associated to the presence of silicon nanostructures with
the ground state, the behavior of tBgredshift as a function different dimensions in the samples. The differences in size
of Si=0 bonds of Fig. 10 reproduces very closely the be-bring to different PL energies as a consequence of the quan-
havior of PS samples redshift vs air exposure time of Ref. 8tum confinement effects. Yet Valenta and co-worRersave
At the same time Fig. 6 shows clearly how, independentlybeen able to measure the PL bandwidth of single oxidized Si
from the size of the clusters, the gaps for oxygen saturatedquantum dots. The Si nanocrystals were fabricated using
surfaces(six Si=0 bond$ assume very similar values, in electron-beam lithography and reactive ion etching resulting
full agreement with the alignment of the PL peaks measureth Si nanopillars that were subsequently oxidized to pro-
on oxidized crystallites with different sizes in Ref. 8. The duced luminescent silicon cores. These nanocrystals are or-
model with multiple Si=0 bonds at the surface reproducesganized in a regular matrix which enables repeated observa-
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tion of a specific single nanocrystal. Contrary to the 5 %g
expectations a quite large bandwidtt?0—210 meVY is ob- 4 %@ %
served. This fact is still under debate. Several explanations )
are possible: the broadening of the PL spectrum could be
originated by the participation of one or more phonons to the 2 ]
optical transitions or by the presence of vibrations at the Si 1 o
nanocluster-SiQinterface, or also by the presence of stress I
in the Si nanocluster core. Our results suggest, however, as a |
possible explanation, the existence of several localized levels -1 7
in one single Si nanocrystal due to multiple=SD bond r .
presence at the surface of the clusters. These léseé&sFig.

9) are separated by about 20—100 meV and can participate to
the emission properties of the nanoclusters. At room tem-

perature these levels can be grouped into two broad bands b

which can be involved in the optical transitions. Thus the ~ 10F |

width of these bands can be at the origin of the broadened R< =

PL. We expect that at lower temperatures the PL broadening > < 7

will be strongly reduced. i ] CE’:

° S
IV. EMBEDDED NANOCRYSTALS 1 E
The possibility of a silicon based laser suggested by the Of =

optical gain measurements on Si nanocrystials’s) formed ——

by ion implantatiof® and by PECVD(Ref. 14 in SiO, has =S

attracted a lot of interest on this type of system and produced X & M r B

a lot of debates especially on the gain mechaninister- 5 im 57
face states localized at the surface of the light emitting sili- 4 4 %

con nanocrystals have been proposed as good candidates for

explaining the peculiar optical behavior observéd Thus 31 31

the nature and the properties of the interface between the Si. | 5 | m

NC and the Si@ host matrix has become crucial in order to 3

confirm or not this model. Until the year 2003 the works 1 11 <

related to Si clusters or nanocrystals in the presence of oxy- 0 0 ©
. . <

gen have been all focused on isolated systé&me previous =

section, except a DFT study on the electronic and optical -1 -1

properties of Si and Ge dots inside a SiC host matrix, in 4. 2]

which the authors carried out electronic energy minimization
at fixed geometry without performing any structural -3 -3
relaxation®® In 2003 we have published theoreticdd initio

- . . FIG. 12. (a) Electronic band structure along high-symmekry
calculations on small silicon nanocrystals embedded in a . f th for the relaxed Si'Si h ; h
SiO, matrix2® It is the firstab initio study in which both the points of the BZ for the relaxed R SI0,B. The zero refers to the
h 2 S d th bedded h b ful op of the valence band. The flat states at the band edges are related
ost matrix and the embedded nanostructure have been 1u ¥ the embedded NC while the dispersed states deep inside the

relaxeq, but it represents only the first step towards MOrBands show the typical behavior of the $bulk. (b) Electronic
complicated models closer to the real samples. Despite this ffang structure along high symmetaypoints of the BZ for the pure
can provide fundamental indications on which directions theSiOZB bulk. (c) Energy levels ak point T for the isolated Si-NC
future calculations have to be pointed and a lot of interestingapped by hydrogen §H:4(1) at optimized geometry(d) energy
links to the experimental outcomes have been fottd.this  |evels atk point T for the isolated SiyNC capped by hydrogen
part of the paper we would like to discuss in more detail allsj;jH,42) with the same Si skeleton of the NC in the relaxed
the results not yet presented on this system, in order to giv8i,,/SiO,8 [Si—Si bond length 14% strained with respect to the
further support to our conclusions regarding the role of thesi;jH,4(1)]. The zero in each plot refers to the top of the valence
interface regiorf®> The idea is to present, together with the band.
first part of this paper, a unified discussion on the electronic
amd optical properties of oxidized silicon nanostructures. In real samples, due to the high-temperature annealing
used for the preparation, the Si@ present as amorphous
silica. Nevertheless, for the structural model of the embed-
ded nanocrystal, a crystalline Si®as been adopted in order

In the following the main characteristics of the model thatto keep the supercell size as small as possible and to exploit
has been adopted are summarized. A more detailed descrithe symmetry. With this approximation a final supercell of
tion can be found in Ref. 25. 180 atoms has been obtained: 116 atoms are oxygen and 64

A. Model and structural properties
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are silicon. Ten of these 64 Si atoms are bonded together to TABLE IV. Energy gapsE,) of the Sio/SiO,8 compared to the
form a small nanocrystal, the remaining are bonded withSiO;3 bulk and to the isolated NC’s. The labefdir) and (ind)

oxygen to form a crystalline host matrix of SjOin the indicates the nature of the gap, respectively direct and indirect.
B-cristobalite form(SiO,8), which surrounds the nanocrys-
tal. The NC tetrahedral coordination is ensured by the pecuStructure GGA-PBEE, (eV) LDA E, (eV)

liar symmetry of the Si@B. No defectgdangling bondsare . . .
present at the interface and all the O atoms at the NC surfac%lO/SIOZB 2.1 (dir) 2.0 (dir)

are single bonded with the Si atoms. Unfortunately this ge-SfOZB bulk 5.8(ind) 5.5(in.d)
ometry implies a high stretching of the Si—Si bond length ofsfloHle(l) 47 (dfr)
the NC with respect to the bulk caée33%) which has been  SiioH16(2) 4.0 (dir)

reduced relaxing the initial supercell by total-energy pseudo-
potential calculations. ) ) _
In parallel to the design of the $iSi0,B, we have stud- the external region, andii) an unstressed crystalline Si®
ied three other systems. The first two are isolated NC'saround the shell. These three regions are highlighted in Fig.
SiyH16(1) and SigH1¢(2), the third is a pure Sigg bulk.  11. Despite the simplicity of the model this picture is in close
The goal is to separate the properties related to the NC frofgdreement with what emerges from energy-filtered transmis-
those related to the crystalline matrix in order to check theSion electron microscopyEFTMEM) and x-ray measure-
possible role of the NC/matrix interface. Thei,¢(1) and ~ Ments 22565' nanocrystals in SiGsamples produced by
Si;H14(2) have been obtained by capping with H atoms thePECVD=>>>Our result is very important because it provides

NC taken from the Sj/SiO,8 structure. For the first one we theoreu?al mforrr;auon on the stLucturgI propertf|es of thﬁse
have extracted the NC from the unrelaxed si@atrix and types of materials, suggesting the existence of a not-snarp

relaxed it within a cubic supercell of vacuuth=14.32 A), interface between Si NC’s and the host Si@atrix in which

with the same prescription used for theB5i0,8 (same they are immersed. Thg SR of .thgl"ﬁle(l) shows a final
pseudopotentials and XC functionaln the second case the crystalllne' geqmetry ,W'th Si-Si dlgtance very close to the
NC core has been taken directly from the relaxed/SiO,3 b'_“'lk'C“t situation. T his means that in the eml_)edded case the
geometry, without performing any further relaxation. The S0, matrix _has highly conditioned the r_elaxmg process of
comparison between the;§il;4(1) and the Sjy/SiO,8 rep- the NC, forcing the bond lengths of the Si skeleton to a mean
resents a way to understand the g#fmatrix influence on value between the Si-Si distances in the SiEB and the

the NC relaxation process. The comparison between the isg%

lated NC's, instead, can point out the effects of a straine
Si-core structure on the final properties.

From the analysis of the relaxed iSiO,8 supercell
emerges a three-region pictufgee the detailed description
in Ref. 25: (i) a Si-NC with a strained structure with respect
to the bulk Si(but with the strain strongly reduced with
respect to the starting geometryii) a cap shell, with a The electronic and optical properties of the relaxed struc-
thickness of 8—-9 A, of distorted SiB which surrounds the tures of Sjy/SiO,8, SiygH1¢(1), SiigH1¢(2), and SiQg bulk
NC, progressively reducing its stress going from the NC tohave been computed. Figure 12 shows the comparison be-

i-bulk bond length. On the other hand, the presence of the
C has modified the structure of the matrix forcing a rear-
rangement in its neighborhoods. The system is a whole, in
which each part influences the others and cannot be sepa-
rated from them.

B. Electronic and optical properties

FIG. 13. Isosurface$10% of the maximum amplitudeof the square modulus of some of the Kohn-Sham orbitals of the relaxed
Si1o/ SiO,B in the valence and conduction banday HOMO-7; (b) three times degenerate HOMO, HOMO-1, HOMO¥®} three times
degenerate LUMO, LUMO+1, LUMO+2. Close to the band ed@®sand (c) the orbitals are localized mainly on the NC Si core and
partially on the O atoms at the NC/matrix interfddat, confined states in Fig. @], while far from the band edgds) the localization is
practically only on the crystalline SiB-bulk part[dispersed states in Fig. (2].
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tween the band structuréenergy levelsof all the systems.
In Table IV theE, values are reported according to the dif-
ferent levels of theory used in the calculations.

We have also calculated the optoelectronic properties o
the Sig/SIO,B at the initial geometryno relaxation. The
electronic band structure reveals a clear metallic behavio
which has no counterpart in the experimental outcomes.
band-structure calculation on a bulk Si with the same
strained Si—Si bond length reveals a similar metallic charac
ter, indicating that it is the high strain of the Si skeleton
responsible for that behavior. This clearly shows the impor-
tance of considering a full optimization of the geometry
when studying nanostructures embedded into a host matri
and highlights the risk of modeling this type of system sim-
ply combining together the embedded and the host parts as
they were independent.

Looking at the properties of the relaxed structures, we
find, on one hand, a strong reducti@around 3.5 eV of the
Siy/ SiO,B E4 with respect to the SigB-bulk case; on the
other hand, a strong reductiofaround 2.5 eV of the
Sio/SIOB Ey also with respect to the isolated NC
Si;oH16(1). The reduction with respect to the Si@bulk
case is clearly due to the formation at the CB and VB edges
of confined, flat, states as displayed in Figsialand 12Zb).
These new states can only be related to the Si NC presenc
and they are the evidence of the strong influence of the em
bedded NC on the electronic properties of the host matrix.
Deep inside the bands the typical behavior of the,BiBGulk
is still recognizable, showing how the NC influence tends to
vanish far from the band edges. The strong energy variatio
with respect to the isolated NC,gt;¢(1), instead, cannot be
due only to the effects of the straiithe final relaxed NC
skeleton in the Sj/SiO,B case is in fact strained with re-
spect to the bulk geometryThe results for the two hydro-
genated NC's, in fact, show that a strained Si structure
[Si;gH16(2)], like the one in the relaxed SiSiO,8, can
cause a reduction of thg; with respect to the bulklike case
[SijgH16(1)] at the most of around 0.7 eV. This means that
the NC cannot be the only cause of the peculiar electronic
behavior of the S/ SiO,B, but there must be a key contri-
bution of the surrounding host matrix and in particular of the
interface between SiQand NC. The strong interplay be-
tween the embedded system and the host material is cleal ¥) unoccupied Kohn-Sham orbitalsUMO+3 and LUMO+4 for

pointed out. the relaxed Sp/SiO,8. The tendency of shifting the orbital local-

In Fig. 13b) the square modulus of the HOMO S Te- jzation from the Si atoms of the NC core towards the first oxygen
ported. The spatial distribution is mainly localized on the Siatoms around it is clearly displayed.

NC region but some weight on the O atoms at the NCASIiO

interface is evident for low percentage of the charge-densityhe orbitals tend instead to be localized on the corner of the
maximum value. The degenerate HOMO-1 and HOMO-2supercell[Fig. 13a)] where the pure crystalline SiB ge-
show the same localization of the HOMO. The HOMO-3 andometry is preserved. This supports our previous conclusion
HOMO-4 (degenerate tgaare instead localized on the SiO on the organization of the relaxed host matrix. In the CB, the
(the square modulus are in fact distributed on all the O atomkUMO and the degenerate LUMO+1 and LUMO+2 follow
of the host matrix Because the HOMO-3 and HOMO-4 are the same trend of the VB top edge. They are localized mostly
still associated to very flat bands, i.e., they are not yet puren the Si NC(but with a different symmetgyand partially on
SiO,B-bulk-related states, their spatial localization on thethe O atoms at NC/SiQinterface[Fig. 13c)]. The LUMO
oxide is, in our opinion, a clear proof of the strong interplay+3 loses the Si-NC character and tends to be localized
between the NC and the surrounding matrix, i.e., of the capmostly on equivalent oxygen atoms at the NC surface, as
shell presence. When the typical band behavior of the,8iO witnessed in Fig. 14), with a weak contribution on the the
bulk is displayed(HOMO-6 and HOMO-7, localized at NC-nearest-neighbor Si aton{the same happens for the
-2.259 and -2.311 eV below the top of the valence pandLUMO+5). LUMO+4 has a NC-centered distributidfig.

FIG. 14. Isosurfaces at fixed valy&0% of maximum ampli-
rlude) of the square modulus of the lowest but thtaeand but four
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FIG. 15. (a) Absorption spectrum for direct interband transitions between the states of,#i8iSh3 at relaxed geometrfa Gaussian
smearing of 0.1 eV has been applied@he gray vertical line indicates the energy onset for the,Biulk absorption spectrum. All the
features in the white region are not present in the,BiBulk spectrum and they are related to the presence of the embeddeth)NC.
Magnification of the absorption spectru@a near the first interesting peak in the onset redmfGaussian smearing of only 0.02 eV has been
applied. The first peak energy corresponds to the transition between the HOMO and the LUMO+3 and/or LUMO+4.

14(b)]. The orbital’s localization on the NC supports the result goes in the same direction of the x-ray experimental
view of near-band-edges states related to the NC, suggestedtcomes, where through a comparison between total elec-
by the band-structure analysis; the contribution on the O attron yield (TEY) and photoluminescence yiel®LY) it re-
oms points out the role of the surrounding $i@n the sults in an active role in the photoluminescence played by
energy-levels organization. A lot of degenerate NC-relatedhe silica cap shell around the silicon nanocrystafs.
states are present. They reflects thg, Symmetries as the The peculiar electronic behavior induced by the NC pres-
analysis of the SiH¢(1) and SigH14(2) energy levels con- ence in the SiQB3 supercell produces a new line shape of the
firm. But despite a general maintenance of the spatialabsorption onset that results in a completely different optical
distribution behavior of the hydrogenated NC's, the NC oncecharacter with respect to the Si@bulk. New transitions are
embedded in the matrix undergoes a change of the charactapow displayed in the visible region and at higher energy
of its states, with a different organization of the levels neamwithin the optical gap of the SigB bulk [see in Fig. 18a)
the edges and new contributions on the oxygen atoms both #te features on the left of the vertical line which represents
the interface and partially on the cap-shell structure. the onset of the SigB bulk]. On the other hand, the absorp-
The electronic properties are reflected into the optication result for the SjgH;¢(1) displays an onset energy of
ones. Figure 1&) shows the calculated absorption spectrum4.7-5.0 eV, far away from the values of the$5i0,3. The
for the Sig/SiO,B (an artificial Gaussian broadening of Si;y/SiO,8 cannot be reduced to a simple sum of a SiO
0.1 eV has been appligdThe first two peaks, which are set matrix and an isolated NC. The strong interplay between the
around 2.1 and 2.3 eV, have a very low intengitgt visible  silicon nanocrystals and the embedding Sr@presents one
in Fig. 195. This means that the associated transitionspf the main results of this work. It is an important evidence
[HOMO, HOMO-1, HOMO-3/[LUMO] and that has to be taken into account for future characterization
[HOMO,HOMO-1,HOMO-3/[LUMO+1], have a very of these complicated systems.
low probability to occur, i.e., they can be considered forbid-
den. The first really pronounced feature is centere_ql insteaq at V. CONCLUSIONS
around 2.7 eV. This energy corresponds to transitions which
can involve as initial states the three at the top of the VB, and In conclusion, we have performed a theoretical study of
as final states the LUMO+2, LUMO+3, and LUMO+4. Be- the properties of Si nanocrystals. We have demonstrated, by
cause the LUMO+2 has the same symmetry of the LUMCfirst-principle calculations, that the structural, electronic, and
+1 and because the transition probability from the top of theoptical properties of Si nanocrystals strongly depend on the
VB to the LUMO+1 is very small, we deduce that the tran-size and on the different passivation regimes. Starting from
sition involving the LUMO+2 is practically forbidden. Thus hydrogen-covered Si nanoparticles we have shown that
they remain the LUMO+3 and the LUMO+4. Because thesingle bonded oxygen atoms originate small variations in the
LUMO+ 3 is mainly localized on the O atoms at the surfaceelectronic properties and bigger changes in the structural
of the NC, it follows that the Si@around the NC can di- properties. On the contrary, oxygen atoms double bonded to
rectly participate to the optical activity of the system. This silicon make a small contribution to geometry variations, but
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a strong reduction in the energy gap. Moreover, when botlelearly point out the important role played not only by the Si

oxygen types are present at the silicon nanocluster surfacaanocrystals but also by a modified silica capping region in
the electronic and optical properties are mainly determinedietermining the optoelectronic properties of the system. Our
by the oxygen in the double-bond configuration. Thus theesults help to clarify the experimental outcomes regarding
presence of double-bonded oxygen atoms seems more apptbe structural, electronic, and optical properties of Si nano
priate to explain not only the huge redshift observed in phocrystals dispersed in Sp3°56:57

toluminescence, after oxygen exposure, in heavily oxidized

siIicon_nanopar}icle%,bqt .also thg large photoluminescence ACKNOWLEDGMENTS
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