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Effect of backbond oxidation on silicon nanocrystallites
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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 verytions within the DFT-LDA yield cubic lattice constants of
active field of research, due to the fundamental physicah=5.404A (Si) and a=7.391A (SiO,, ideal B-cristobalite
properties and promising applications in advanced optoele®@r fundamental energy gaps Bf,,=0.44 eV (Si) and Ey,,
tronic and electronic devicés. Silicon-based nanocrystal- =5.48 eV(Si0,).
line materials such as porous silicGR®Si or silicon nanoc- Apart from the Stokes shift, the energetical PL peak po-
rystals (NC’s) exhibit an intense room-temperature Sition and the onset of the optical absorption are determined
photoluminescencgPL) in the visible spectral regioh? by the lowest electron-hole pair enery;. For confined
whose mechanism is still under deb4fThe most accepted Systems with free-exciton radii larger than the system extent
models to explain the PL in nanosized materials are relate8Uch an energy can be calculated by a generalization of the
to quantum confinement effects. Quantum confinement indelta-self-consistent-fieldASCFH method as differences of
creases the radiative recombination and the optical gap of tH@FT-LDA total energiesEy,;=E(N,e+h)-E(N), with the
NC'’s, thereby shifting the PL peaks in the visible spectralground-state energye(N) of the consideredN-electron
range*6” However, numerous other mechanisms have beegystem® The total energyE(N,e+h) of the system excited
proposed to explain the PL, including surface/interfaceby an electron-hole pair is calculated with the constraint that
states, specific chemical compouridsy., siloxenesor even the highest occupied molecular orbittdlOMO) state of the
defects in the host materiedee discussion in Refs. 4 angl 5 ground-state system contains a hole, placing the correspond-

The role of oxygen in the energetical position and effi-ing remaining electron automatically in the lowest unoccu-
ciency of the PL has been demostrated for oxidized Si NC'pied molecular orbitalLUMO) state of the ground-state sys-
and NC's embedded in certain Si@atrices*®There are tem. E(N,e+h) accounts for two effects of the electron-
contradictory experimental results concerning the shift of theslectron interaction after excitation. The interaction of the
PL peak due to oxidation. While the PL blueshift from Si excited electron(hole) yields a quasiparticléQP), whose
NCs embedded in SiOmatrices® and from the oxidation of energy is renormalized by self-energy effects and therefore
porous Si(Ref. 11) seems to support the quantum confine-shifted to higherlower) energy. In addition, there is an at-
ment model, there is evidence that a PL redshift is caused hiyactive screened Coulomb interaction of the excited quasi-
defect state$.Theoretical studies are usually limited to the electron and quasihole resulting in excitonic effects. Accord-
effect of isolated O atoms at the NC surfaéet>Only inone  ing to the ASCF method, the quasiparticle gap without
case a complete OH surface termination has been related &xcitonic effects is defined by means of the total energies of
the drastic gap shrinkage and reduction of the PL intefisity.the systems witiN+1, N, and N-1 electrons, i.e.EgaF;,

In this paper we study the variation of properties in=E(N+1)+E(N-1)-2 E(N).
nanometer-sized Si dots with backbond oxidation in com- Simple cubic(sc) supercells are used to model the NC'’s
parison to those for H and OH passivations. To this end, w&urrounded by vacuum. The symmetry of the NCs is con-
carry out first-principles calculations to derive optimized strained toT by starting from one central Si atom and add-
structures of the Si nanocrystallites, electronic structures, aniéhg its nearest neighbors, thereby assuming fourfold tetrahe-
optical absorption spectra. The calculations are based on tht#al coordination. This procedure is repeated atomic shell by
density-functional theoryDFT) within the local-density ap- atomic shell up to the outermost Si shell, where the resulting
proximation(LDA).1® The exchange-correlation contribution dangling bonds are saturated by hydrogen atoms. The as-
to the electron-electron interaction is described by the paramsumption of a diamondlike crystal structure is in accordance
trization of Perdew and Zunger. The electron-ion interactiorwith recent measurements by high-resolution transmission
is modeled by non-normconserving pseudopotentials whicklectron microscopyHRTEM).'® The starting structures of
allow one to restrict the plane-wave cutoff to 22 Ry. ThisNCs containing oxygen are obtained by introducing oxygen
method is combined with the projector-augmented waveatoms in between the Si-Si bulk bonds at the outermost NC
(PAW) method to construct the all-electron wave functionsshells(backbond oxidationor by replacing the H atoms at
and calculate the optical matrix elemehtBulk computa-  the surface termination by hydroxyDH) groups(passiva-
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{Sig} TABLE I. Fundamental DFT-LDA gafEy,, pair excitation en-
2601 Si-Si ergy Epair, and quasiparticlg gaﬁgg’p The en_ergie_s are g_iven in eV
250 - and the number of atoms in the NC core is indicated in braces.
g 240
I =]
g 308 . Egap Epair 2
g 1esf S%(;*%V’V {Sis}-H1, 5.64 5.72 6.77
ig(s): . {Sig}-(OH) 1, 4,12 4.44 491
1.50 - Sl()H A~ {Si5}'olzsi12H36 4.89 5.10 5.69
2 1801 SE— I 4 {Sis}-0,45SiseHe0 5.13 5.19 5.55
E 0F 2 - 1 4, |  {SidHs 4.17 4.20 5.08
Z 10l i 1 N ] {siﬂ}-(OH)_36 2.99 3.14 4.05
ol il T ] {Sh-OseShdHeo 3.39 3.44 4.32
0 2 4 6 8 10 2 4([&)6 § 10 2 4 6 8 10 {Siy}-OgeSissH 108 3.25 3.31 3.96
r .
{Sis1t-Heo 3.22 3.25 3.81
FIG. 1. (Color onling Average bond lengthgn A) and Si-O  {Sis}-(OH)go 1.89 1.93 2.48
-Si anglegin degreegversus distance from center of the NCs for Si {Siy1}-OgeSisoH1 08 2.33 2.38 291

cores with varying size. The different oxidation stages are indicated
by circles(H passivatiop squaregOH passivatiop up triangles
(one oxide shej| and down trianglegtwo oxide shells The dotted ~ Ccreases when an additional oxide shell is present indicates
lines indicate the bulk Si bond length. that the oxidation of the nanoparticle can be a self-limiting

) ) ] o ) process and the limitation is related to the interface sffess.
tion with OH). Models with backbond oxidation without de- ~ The influence of the oxidation on the electronic structure

stroying the Si-H bonds are supported by high-resolutiony,g hence the quantum confinement is presented in Table |
glectron energy Ioss_ spectroscoyREELS (Ref. ZQ and and Fig. 2. The HOMO-LUMO gap&,,,, the QP gapEgQ:p
infrared (IR) absorption measuremerftsWe study Si NCs  j14 the pair excitation energi,; in Table | clearly dem-

with cores containing 5, 17, and 41 Si atoms and up 10 WQynsirate the quantum size effect versus the diameter of the Si
oxide shells. A vacuum region of at least 1 nm separalegqres. The values of the pair excitation energy and the DFT-
every NC from its supercell images, minimizing the NC-NC | pa gap of the NCs are close to each other, indicating a
interaction. The large forces and stresses caused by the Sl cqliation of QP gap opening and Coulomb attraction of

-O bond lengths of about 1.1X decrease after ionic relax- glactrons and hole. A comparison of the pair excitation
ation, when the bond lengths are about 1/60.., the typi- energies with QP gaps gives an electron-hole attraction of

cal values of Si@ polymorphs. Due to the symmetry con- 53 ¢ eV for the smallest NC's studied. The effect of the
straint of the ionic relaxation and initial Si-O bond lengths 4 ~khond oxidation is obvious by comparing the gaps of the
the minimization of the total energy is difficult and time crystallites  {Siy-Heo  {Siy}-OseSirsHeo and  {Sic}
consuming. -O4eSizHg0. O the  crystallites {Si;}-Hzs and {Sis}

Results of structural optimization for Si NC's with the ; e i
same Si core are shown iﬁ Fig. 1. The bond lengths of eacio125k2Hse AS @ result of the oxidation, the gap is increased
C dependence on the core size. This result is consistent with

atom were calculated and averaged shell by shell and plott ; - . .
versus the distance from the atom to the center of the NC. :ts e experimental observation of a blueshift after the oxida

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 corfSi;;} and{Si,;} exhibit an
expansion of the Si-Si bonds in the core with a stronger
effect at the cente® 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 5 10 15 5 10 15 5 10 15
practically no variation of the Si-H bond lengths versus the

NC radii. Qualitatively similar effects as shown in Fig. 1 £ 2 (color onling Average electrostatic potential along the
have been found experimentally for oxidized Si NEs? (00D direction versus distance from the center of the NC. The
For small sizes the NC'’s are indeed expanded, whereas larg@sitions of the LUMO states are indicated by horizontal lines. The
particleS with diameters |arger than 3.5 nm exhibit a ContraCCurves are a]igned with respect to the vacuum |Q2e}*0 energy

tion of the lattice planes. The Si-O-Si angles are smaller thasolid lines: hydrogenated NC's, dotted lines: OH termination, short-
in the initial configuration(180°) and decrease with respect dashed lines: one oxide shell, and long-dashed lines: two oxide
to the crystallite radius. The fact that the Si-O-Si angle deshells.

average potential (eV)
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tion of NC's1%1! 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 o
the gap when one compares the crystallites with one and twc
oxide shells, for instance, the NC{Si;}-O3¢SirsHgo and
{Siy7}-OggSiggH10s 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(a)
observed for the adsorption of isolated O atoms and OH
groupst?~1® The inspection of the spatial distribution of  FIG. 3. (Color onling Square of the wave functions for the
HOMO and LUMO states shows that the pronounced gagiOMO (dark and LUMO (light) states in the nanocrystallites
shrinkage in the case of a complete passivation with OH i§Sh7-Hss (8) and {Si;7}-O36SipsHgo (0). The Si (the largest
related to the delocalization of the LUMO state, the latterspherey O (intermediate size sphepgsand H (the smallest
induced by the oxygen atoms in the outermost shells. spheresatoms are indicated. The isosurfaces correspond to values
The influence of oxidation on the pair excitation energiesclose to the maximum values.
may be explained by the variations of the electrostatic poten-
tial from the NC center into the vacuum region as shown in  |n order to verify the role played by oxygen-related de-
Flg 2. Apart from oscillations due to the shell structure Offects at the NC/oxide interface or surface of the NC, we
the oxidized and hydrogenated NC's, the curves in Fig. 2 argydy a Si double-bonded to an O atom. We replace a two-
S|m|Ia}r to the sp{;mal variation of. the e_Iectron potential eN-hydrogen termination by one oxygen atom in the oxidized
ergy in a three-dimensional quasispherical quantum well. Aqc {Sis}-OgoSizoH105 The resulting HOMO-LUMO gap is

expected, the width of the potential well for the NC's passi-Onl P~ ;
. . ! y 20 meV lower than for the fully oxidized NC, showing
vated with H and with OH is smaller than for the ones aftery, ; 5 gefect of the type Si=0 is less important for determin-

backbond oxidation. As in a three-dimensional quantum th depicted ) lculatibns
well, the position of the LUMO state with respect to the Ing h€ gap, as depicted from previous calculalions. =
vacuum level depends mainly on the effective size of th nalogously, if a single oxygen IS removed from a S!'O'S'
NC, i.e., the width of the potential well. The abrupt variation °°Nd in the same fully oxidized NC, the change in the
of the energetical position of the LUMO with the Si core size HFOMO-LUMO gap is also few meV. Both results suggest a
in the presence of an OH termination is a consequence of tHéMited influence of oxygen related defects and type of oxy-
different electrostatic interactions due to the number of dangen bondgsingle or doublgon the HOMO-LUMO gap of
gling bonds at the surface facets saturated by -OH. In gerNC'’s, at least when a complete backbond oxidation already
eral, backbond oxidation increases both electron affinity an@ccurred. Taking into account only Si, O, and H species, the
depth of the electron potential of the NC. This is not onlyobserved redshift of the PL peak position of about 1 eV
consistent with the gap shrinkaggee Table), but also with  could be better explained by the passivation with OH without
the localization of the single-particle wave functions. Thethe consideration of oxygen-related defetts.

presence of oxygen in the outermost shells delocalizes the In conclusion, we have studied the effect of backbond
LUMO state, while the HOMO state remains mainly local- oxidation on Si NC’s in comparison to NC'’s passivated with
ized at the center of the crystallite, as shown in Fig. 3 for
{Si;7} 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 functioneyc show that the strongest optical transi- S
tions correspond to higher energies than the gap energy. The
dielectric functionsesc of the supercell have been calculated £ p ~-
within the independent-particle approximattérusing the i cezzaflee T
DFT-LDA electronic structures, whereas the spectra for the
NCs (Im eyc) are obtained by means ef-=feyc+(1-1),
wheref 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 wiff$i;;} cores show FIG. 4. (Color onling Imaginary part of the dielectric function
that the indirect-gap character of Si bulk is still present, in-versus photon energy of Si NC's with different core sizes. Solid
dependently of passivation and level of oxidation. The onselines: {Sis} core, dotted lines{Si;7} core, and dashed line§Si,}

of absorption for NC’s reflects the trends for the pair excita-core. The vertical lines represent the oscillator strengths for the
tion energies and gaps presented in Table I. NC'’s with {Si;} core.
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H atoms and OH group. Our first-principles calculationsmainly occurs due to the weaker localization of the LUMO
show the importance of the quantum confinement effects fostate of NC’s caused by the presence of oxygen atoms in the
both oxidized, OH- and H-passivated Si NC's. The blueshiftoutermost shells.

measured in NCs after oxidation is related to the reduction of

the core caused by the backbond oxidation. Conversely, the Financial support from the European Community within
strong redshift measured in some NC's exposed to air is bethe RTN NANOPHASE (Contract No. HPRN-CT-2000-
ter explained by incorporation of oxygen via passivation00167% and Deutsche Forschungsgemeinsckfbject No.
with groups OH. Although the passivation with OH does notRe 1346/12-1is acknowledged. The calculations were partly
influence significantly the size of the Si core of the NC, theperformed at the Von Neumann Institut for Comput{iifngC)
electronic properties and consequently the HOMO-LUMOin Julich, Germany as a part of the Project No. HIN21/2003.
gap are sensibly affected. No oxygen-related defects aré/e would like to thank H.-Ch. Weilker for discussions and
needed to explain the gap shrinkage in NC’s. The lattesuggestions.
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