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Electronic state calculations of Si quantum dots: Oxidation effects
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Electronic states for the configuration of a Si dihydride backbonded to oxygen on the H-covered surface of
spherical SjsH35 quantum dot$QDs) are calculated self-consistently using the extendedkielitype nonor-
thogonal tight-binding method. The proposed backbond oxidation accounts for oxidation-induced redshifts in
luminescence-peak energy observed in porous Si. It is found that optical transitions between the band edges in
the Si QD backbonded to oxygen are dipole allowed as in the H-covered case. A comparison is made with a
calculation for the double-bonded oxygen configuration.
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[. INTRODUCTION backbonded to oxygen on the surface with the amount of
hydrogen preserved.

It is well established that Si nanocrystals in porous Si Here, a Si nanocrystal is simulated by a sphericg&j
prepared electrochemically in HF-based solutions can emiguantum dot(QD) terminated by hydrogen, and electronic
efficient visible photoluminescend@®L) at room tempera- State calculations are done using the extendedkelitype
ture, and the surface is passivated by hydrogetnwever, —nonorthogonal tight-bindingEHNTB) method? We pay at-
oxidation takes place easily on the H-covered surface of potention to the_ electronic structure of the highest.occupied
rous Si, and thus the light-emitting process is extremely serfnolecular orbita(HOMO) and the lowest unoccupied mo-
sitive to oxygert2 A typical effect of oxidation on the PL lecular orbital(LUMO) states. In this paper the HOMO and
spectra is an observed redshift in the PL-peak energy. AUMO are referred to as the valence-bartB) and

-conduction-bandCB) edges, respectively, in terms of solid-
double-bonded oxygen model has been proposed for explalr(f-on . )
ing the phenomenohThe configuration of double-bonded state physics. The HOMO-LUMO gap is referred to as the

oxygen in the model significantly affects the band-edgeband gap. Not only the calculated band gaps, but also the

states and accounts for the observed redshifts in the band gcharacterlsncs of the band-edge states and optical transitions

BRtween the band ed in th idi '
: o5 . ges in the oxidizegit$ig QD, are also
of Si nanocrystals studied> However, proposed optical described in comparison with those in the unoxidiZed

transi'gions be?ween p-like electr_on state localized on the Si terminatedl QD. It is shown that the backbond oxidation of
atom in the Si=0 bond and g-like hole state localized on - the H-covered Si QD explains the experimentally observed
the oxygen atom are not dipole allow&d:. In this oxygen  redshifts in the band gap, and that optical transitions between

Conﬁguration, therefore, it would be difficult to have band- the band edges in the oxidized QD are d|po|e allowed as in
edge optical transitions as strong as those in H-covered $he H-covered case.

nanocrystals.

In this paper, an alternative oxidation model, in which
oxygen is put at a backbond site between a surface Si hy-
dride and its nearest-neighbor Si atom on H-covered Si The SisH;g QD is constructed by starting with a central
nanocrystals, is proposed for explaining the redshifts in théSi atom and sequentially adding its nearest-neighbor shells
band gap of Si nanocrystals. Experimentally, many Fourieof Si atoms up to the fourth one. Figuréal schematically
transform infrared(FTIR) studies of H-covered porous Si shows the atom configuration of the;&iss QD as viewed
exposed to oxygen have observed the blueshifting of th@long one of six100 orientations. The dangling bonds oc-
Si—H stretching vibration modes as oxidation progressesurring on the QD surface are passivated by hydrogen atoms
(frequency shifting to the blue compared to the parestBi  [not shown in Fig. {a) for clarity] along the tetrahedral bond
stretching modesin addition to the observation of the directions(the lattice constana for Si is 5.43 A and the
Si—O—Si modes, and have indicated the formation of sur-S—H bond length is taken as 1.48) AWe simulate a sur-
face Si hydride species backbonded to oxygen atoms by oxyace Si hydride backbonded to oxygen by putting an O atom
gen incorporation into the SiSi backbonds on the at a backbond site between a Si dihydride at the top of the
H-covered surfac Other FTIR measurements have also re-SizgsHzs QD and its nearest-neighbor Si atom in the second
vealed that, in anodically oxidized porous Si, the oxidationmonolayer along th€001] direction, as shown in Fig.().
occurs at the Si-Si backbonds of the surface Si atoms, Hereafter this oxidized QD is referred to as theg8i0
while the hydrogen coverage on the surface is preser@al. QD. The Si—O—Si angleg is taken as 151°. This value of
far, no FTIR signal of a vibration mode associated directlyf is the mean value of the expected-SD—Si bond-angle
with the formation of the SO bonds on the surface of distribution in vitreous silicd. A recent first-principles
porous Si has been reported in the literafifédence, we nuclear magnetic resonance analysis for the—G6i—Si
can say that the oxidation of H-covered porous Si, at itdond-angle distribution in vitreous Sjhas shown that the
initial stage at least, results in the formation of Si hydridesSi—O—Si angle varies from 120° to 180° around a mean

II. MODEL AND CALCULATIONS
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O o O o O states on the Si surface, respectively. The parameters be-
tween H and O have been determined so as to reproduce the

O @ @ Q molecular-orbital(MO) energy levels of the free 40 mol-
ecule. Special care has been given to the quantitatively pre-

cise reproduction of the CB as well as the VB across the
@ O e e O Brillouin zone by the EHNTB method, which enables one to
study the optical properties of Si nanostructures. See Ref. 8

O @ @ O for more details. Here, in order to include charge transfer

[110] (y) effects due to oxidation, we incorporate self-consistency in
O o O o O the EHNTB calculations according to Ref. 10. More specifi-
(1107 (x) cally, we introduce a charge-dependent poteritigl given

[001] (z) by I ,p=1,+ Q%4 for an orbitale in an atom, where,, is

the ionization potential in the neutral ato@,a net charge of
the atom, andy,, a one-center electron-repulsion integral
given by y,,=1,—A, for Q<0 and y,,=I,—1, for Q
>0. HereA, and |, are the electron affinity and second
ionization potential for the orbitale, respectively. The
EHNTB calculations are carried out iteratively until self-
consistency in charge is obtained between a QD and oxygen.
SizsHze QD The charge is calculated using a Mulliken charge-population
i ) i ) analysis of MO energies and coefficiefts.

FIG. 1. (Color onling (a) Plan of the Si-atom configuration of  £q the hurpose of analyzing the character of the elec-
L?Zeesgf":ﬁcﬁﬁ;nfa:jr;cg?ésafh‘é'e{;’;’s;n?:%ngft?:gtl]a?éﬁcif%ge tronic states at the CB and VB, the orbital density of states is

calculated from the following equatidit) for an orbitala at

surface at the top of the QD. The dotted circles show the Si atoms

lying exactly below the ones denoted by the solid circles. The hy-energys’ by giving each energy level a Gaussian broadening

drogen atoms saturating dangling bonds are not shown for simplicwIth a half width(w) of 0.05 eV:
ity. (b) Schematic configuration of the QD backbonded to oxygen,
denoting a Si dihydride and two Si monohydrides. The agyle

2 (e—ep)?
the Si—O—Si angle. Da(e)= —E Canz Cﬁnsgﬁ ex;{ - —wzn— )

TW N B

(1)
value and the mean is 15£°The length of the Si-O bond _ _
is taken as 1.64 A. Then the backbond to which oxygerVhereen is thenth eigenvalugMO Snergy of the system,
attaches is elongated to 3.18 A. The position of the Si dihy{h€ Can's the MO coefficients, an8, ; the overlap integral
dride at the top of the QD after oxidation is determined so adetween theath and gth orbitals in thenth MO. We obtain
to preserve the length of the remaining—S8i backbond the local density of state(dLDO_S) for S|Ilco_n, hydrogen, and
(2.35 A). The other parameters are kept the same as those ffY9en separately by summing the orbital density of states
the unoxidized case. It should be noted that the proposegficulated for each orbital over the Si, H, and O atoms con-
backbond oxidation does not need advance hydrogen desorfined in the QD studied. S
tion and thus the number of H atoms passivating the Si dots The osc_lllator strengtff (gnltless) a_n_d the radiative life-
is preserved on the occasion of the oxidation, in contrast t§me 7 for dipole-allowed optical transitions are calculated by
the prviously reported oxidation modekglouble-bonded the following equations
oxygen modét® and bridging oxygen mod&lin which two
H atoms on the surface are replaced with one O atom. The 2 2
preservation of the number of H atoms in a Si dot is in f:E(szpM}) ' @
agreement with the experimental observations in which the
H coverage on the surface of porous Si is presefvEdr

comparison, the EHNTB calculations for the double-bonded Ez nezESf &)
oxygen configuration are also performed by putting an O T 2megoMmCh?’

atom replacing the two H atoms on the top-layer Si atom of

the Skg QD (referred to as the §H3,0 QD hereafter. wherekg is the band gap between the CB and VB edges, and

The EHNTB method explicitly calculates all distant- {#¢|p|#,) the momentum matrix element between the band
neighbor overlap and energy integrals between atomic orbitedges for unpolarized lightn the electron mass) the re-
als (simulated by Slater-type atomic orbitpis a QD up to  fractive index =2.6), e the electronic charge,, the elec-
the sixth-nearest neighbors, in contrast to conventional tighttric permittivity of free space, ancthe speed of light. In the
binding methods in which overlap integrals between atomicEHNTB method, the momentum matrix elemetis,|p|¥,)
orbitals are neglected. The EHNTB parameters associateate calculated directly from a linear combination of momen-
with Si, H, and O have been determined so as to accurateffgym matrix elements between atomic orbitals simulated by
reproduce the Si band structure, and H- and O-related surfa@®ater-type atomic orbitafs.
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FIG. 2. (Color online Calculated local densities of states in the

valence band for Si, hydrogen, and oxygen in thgtgiO QD

backbonded to oxygefsolid lineg and the SjsH;,0 QD double
bonded to oxygertdotted line$, in comparison with those for the
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~ —2 eV) for the unoxidized case. It is found that two new
states(at ~—1.55 and —0.7 eV) and one new stat@t
~—1.3 eV) occur in the SiH;0 and SisH3,0 QDs, re-
spectively. It is noted that the VB edge is more upshifted by
the backbond oxidation than by the double-bonded oxida-
tion, contributing to a narrowing of the band gap. We find
that there is a large amount of O contribution near the VB
edge in both Si QDs. The large O contribution to the VB
edge arises from a bonding interaction between the O and Si
atoms, as expected. In the;$i;0 QD backbonded to oxy-
gen, the lower new state at—1.55 eV is composed mainly
of the p-like O and Si states in the SiO—Si bond. In
particular, the energy upshift of the VB ed(fbe upper new
state at~—0.7 eV) in the SjsH35 QD is caused by a large
electron transfer from the QD to oxygenr-0.48&), thereby
leading to the formation of & bond (along the[110] direc-
tion) between the O and Si atoms in the-SD—Si bond.
The Si contribution to the VB edge is found to be small but
still significant. On the other hand, the VB-edge state of the
SizsH34 QD double-bonded to oxygen is composed mostly of

the Op, orbital state(along the] 110] direction with some
amount of Si states. In this case the calculated amount of
electrons transferred from ggiHs, QD to oxygen is~0.3%.

In order to clarify the character of the band-edge states in
more detail, we show in Fig. 3 the enlarged LDOS for Si at
the VB edge of thga) SizsHz¢O QD (solid lineg, in com-

unoxidized QD (thick lines. The energy is relative to the bulk Parison with that of theb) SizsH34O (dotted lineg QD. The
valence band maximum.

IIl. RESULTS AND DISCUSSION

hydrogen, and oxygen in the ;g0 QD (solid lineg, in
comparison with those for the gH3,0 QD (dotted line$

and for the unoxidized QDthick lines. The energy is rela-
tive to the bulk VBM (VB maximum). As seen in the figure,

LDOSs for the top to ninth monolayers of Si along {0€1]
direction are shown, respectively, in the top to bottom
curves. As expected, the Si atoms near the O atom contribute
to the VB-edge states in bothgH;c0 and SisH3,0 QDs,

Figure 2 presents the calculated LDOSs in the VB for Siwhich extend up to the fifth Si monolayer along tf@01]

direction. It should be noted that, as compared to that of the
third-layer Si atoms, the contribution of the top-layer Si atom

is negligible at the VB edge of the gH3c0 QD backbonded

to oxygen. Thus, the character of the O-induced VB-edge

the electronic states near the VB edge are largely changed tsyate in the SgH;60 QD reflects the fact that the top-layer Si
oxidation as compared to the triply degenerate VB e@e atom is significantly isolated from the rest of the QD because
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FIG. 4. (Color onling Calculated local densities of states in the . . . . : . .
conglut_:tion band for Sl hydrogen, and oxygen in tth_sggo Qp 0.4 0.8 1.2 1.6 20
(solid lineg and the SjsH3,0 QD (dotted lineg, in comparison with Energy relative to bulk VBM (eV)

those for the unoxidized Q@thick lines.

FIG. 5. Enlarged local density of states for Si at the conduction-
of the formation of the Si-O—Si bond at the backbond band edge of the §H3O QD (solid lines and SgsH;,0 QD (dot-
site. ted lineg. See also the caption of Fig. 3.

Figure 4 shows the calculated LDOSs in the CB for Si,
hydrogen, and oxygen in the 38360 QD (solid lines, in  porous S? However, it is noted that optical transitions be-
comparison with those for the H;,0 QD (dotted line$  tween the band edges in theyizs QD backbonded to oxy-
and for the unoxidized QMthick lines. We can see a drastic gen are dipole allowed, in striking contrast to those in the
change in electronic structure near the CB edge due to 0Xjjouble-bonded oxygen configuratidf. In fact, in the
dation as compared to the electronic structure of the CB edg§ esent study the oscillator strength calculated for the band
(at~2 eV) of the unoxidized QD, and the oxidation-induced edges of the S$iHs0 QD is found to be very small (1.87
localized CB-edge state occurs at about 0.7 and 1.65 e\, 10~9) as shown in Table I. This is because the CB-edge
above the VBM in the $iH3,0 QD and SjsHseO QD, re-  giate(at ~0.7 eV) of the SjcHs,0 QD is composed mostly
spectively. The CB-edge state ai0.7 eV in the SjsHz0 ot the p-like states of the O and top-layer Si atoms as stated
QD is due to a purer bond formed between thg, orbital of - 51,6ve. In addition to the double-bonded oxygen configura-

the O atom and that of the top-layer Si atom, This is intjon, vasiliev, Chelikowsky, and Martin have studied a con-
agreement with the result calculated by Wolkinal= On the figuration in which oxygen forms a SiO—Si bond bridg-

o.ther hand, we fiqd t.h_at while oxygen contribl_Jtior_l is negli—ing two Si atoms on theé111) surface of the Si QD (a
g|t_)le, _ther_e is a significant amount of H _contrlbutlon_ to thebridging oxygen configuratiodt They found that, although
oxidation-induced CB-edge state of thegBiscO QD. ThisH 4 5j76 of the optical gaps is greatly reduced, optical transi-
contribution arises mostly from the dihydride on the t0p-jinng hetween the band edges in the bridging O configuration
layer Si atom and the monohydrides on the second-layer $re also not dipole allowed, in contrast to the present

atoms|see Fig. 1b)]. backbond-oxidation configuration. The calculated radiative

Figure 5 shows the enlarged LDOSs for Si at the CB €dg§etimes for the band-edge transitions in the present study
of the SgsH;60 QD (solid lineg, in comparison with that of

the SisH;,O (dotted lineg QD. As stated above, the top- .
layer Si atom contributes outstandingly to the CB-edge state TABLE I. Calculated band gapHp), oscillator strengthf() for
in the SkH,0 QD. On the other hand, the Si atoms lying unpolarized light, apd r_adlatlve Ilft_etm(ef) in thg Sks quantum dots
away from as well as near the O atom contribute to the?€foré and after oxidation. Thes§il;sO and SisH;,O QDs are the
CB-edge state in the §HsO QD, which extends up to the dots backbonded and double bonded to oxygen, respectively.
fifth Si monolayer along th€001] direction.

Finally, the calculated band gaps, oscillator strengths, and ShoeHs SlasHsdO ShsHs.0
radiative lifetimes for the § QDs studied are given in Table  E, (eV) 3.92 2.35 2.00
I. We find that the calculated band gap can be greatly red-f (x10°3) 0.141 0.985 1.8%10°©
shifted when one O atom is incorporated in both QDs, in 7 (us) 4.13 1.64 1.1 10°

qualitative agreement with the experimental observations ia
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are found to be in the microsecond range as shown in Tableal SksHzs QD have been calculated self-consistently using
l, in good agreement with the measurements in porods Si. the EHNTB method. A comparison has been made with a
calculation for the double-bonded oxygen configuration. It

has been shown that the backbond oxidation of the
IV. CONCLUSIONS H-covered Si QD causes large redshifts in the band gap, and
that an optical transition between the band-edge states is di-

In summary, electronic states for the configuration of a Sipole allowed as in the H-covered case, in striking contrast to

dihydride backbonded to oxygen on the surface of a spherithe case of the double-bonded oxygen configuration.
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