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Electron confinement and optical enhancement in $6iO, superlattices
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We have performed first-principles calculations of Si/S#&Dperlattices in order to examine their electronic
states, confinement, and optical transitions, using linearized-augmented-plane-wave techniques and density-
functional theory. Two atomic models having fairly simple interface structure are considered. They differ in the
way dangling bonds at interfaces are satisfied. The real and imaginary parts of the dielectric function are
calculated at the Fermi-golden-rule level and used to estimate the absorption coefficients. Confinement is
demonstrated by the dispersionless character of the electronic band structures in the growth direction. Optical
enhancement is shown to exist by comparing the direct and indirect transitions in the band structures with the
related transitions in bulk Si. The role played by the interface on the optical properties is assessed by com-
paring the absorption coefficients from the two models.
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. INTRODUCTION visible part of the spectrum of Si/S}jOSLs fabricated by
Informatics and telecommunications are the driving forcesmolecular-beam epitaxyMBE),” and a blue shift was ob-
behind the development of new photonic devit&ich de-  served when the thickness of the Si layers was reduced from
vices can be assembled from a wide variety of materialsg to 2 nm. In contrast tor-Si, Si/SiO, SLs present the
among these, silicon is probably the most prevalent, althoughdyantage of being stable, with no significant decrease of the
it suffers from having an indirect band gap. Direct band-gan,minescence observed with time.
materials such as GaAs, InP, and many-other Ill-V.and IVl viotivated by these promising experimental observations,
semiconductors, are efficient electron-photon €nergy COM3nd to provide insight into the microscopic physics associ-
verters. However, they are costly for large-scale appllcatlonsated with the luminescence efficiency of SL-based devices,

and WOUId be less Interesting iffull Si-based photo_nlcs Wer%ve undertook a detailed, first-principles investigation of the
possible. These considerations have lead to considerable er-

forts towards the development of new types of Si-based ma%l.ectromcba?: olpt|cgl prtopedrtleds of S'/SZ'GL,[S ' Sfll'co? de, d
terials having direct energy gap in the visiljlgz. 1.5 to 3 10, are both already standard components of metal-oxide-

eV),2 suitable for photodiodes and lasers, as well as solar-cefiemiconductor field-effect transistor and other devices; SiO
applications. which is an insulator, has an energy gap~6® eV while Si

The simultaneous discovery by Caniaand Lehmann has an indirect gap of-1.1 eV. Thus, the electrons are
and Gelé of intense luminescence in porous silican-6i)  strongly confined by the SiObarriers within the silicon
has opened up new horizons for Si-based materiaiSi guantum wells. Luminescence, however, is not determined
can be regarded as consisting of long and thin nanowiressolely by confinement since the magnitude of the oscillator
forcing the electronic states to be confined within the finitestrength and nature of the energy gap are even more impor-
dimension of the nanostructures. The shift of the luminestant.
cence spectrum towards the blue with decreasing nanowire In this work, we examine the luminescence properties of
siz€ suggests that the confinement of the electronic stateSi/SiO, SLs using model structures and first-principles
might be responsible for the visible luminescence. Unfortu-methodology. Transmission electron microscopy reveals that
nately, most forms ofr-Si are unstable, lasting only a few in Si/SiO, SLs, both Si and SiQlayers are amorphous.
hours before a strong decrease of the luminescence efficienéymorphous structures are, however, not easily amenable to
is observed. This instability has sometimes been attributed tquantum calculations. Here, we assume crystalline phases for
the volatile Si-H bonds at the surfaténnealing under ni- both the Si and Si@slabs. This is further motivated by the
trogen and oxygen has been suggested as a means of stafiéed to study simple ideal systems as benchmarks, and in
lizing the structures. However, the annealed material haparticular to determine how differences in the interfaces af-
weaker luminescence than the parenti. Layered polysi- fect the optical properties. We also note that crystalline Si-
lanes (Si,Hg) also exhibit optical properties similar to-Si.  based SLs have very recently been fabric&ted.

Uehara and T€ehave performed first-principles calculations ~ Two simple-model structures for Si/SiGLs are consid-
of layered polysilanes structures and showed that porous ®ired: (i) The double-bonded mod¢DBM) of Herman and
may be akin to thin $Hg sheets. Batra? shown in Fig. 1a); here the Si and SiQlayers are

As perhaps a more promising avenue, confinement caarranged so as to minimize the lattice mismatch and have
also be achieved in superlattice€®ls) — or quantum wells — relatively high symmetry, and the dangling bonds at the in-
as well as quantum wires and quantum dots. Lu, Lockwoodterfaces are saturated by the addition of a single double-
and Baribeau have reported enhanced luminescence in ttnded oxygen atonii) A bridge-oxygen mode(BOM),
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(a) DBM (b) BOM II. COMPUTATIONAL DETAILS
A. Model structures

SLs can be fabricated by MBE.A major advantage of
this technique, as compared to others, is that it gives sharper
interfaces. In the case of Si/SiGsLs, Lu, Lockwood, and
Baribead report an interface thickness of about 0.5 nm,
while the thickness of the SiCand Si layers vary between 2
and 6 nm. The interfaces that define the transition from the Si
to the SiQ region are taken to consist of two atomic planes
in the exploratory models studied here.

The model Si/SiQ SL structures are constructed from
alternating layers of crystallinediamond silicon and crys-
talline SiG, in the ideal 3-cristobalite structure, viz. with a
Si-O-Si bond angle of 180fspace group FdB). The (ex-
perimental lattice constants are 5.43 and .4 , respec-

FIG. 1. The two model structures considered in the presenpvely’ with therefore a lattice mlsmaotch of 32%' The rr_]ls-_
study:(a) the DBM, which contains 23 atoni43 Si and 10 @ and match can be reduced to less than 7% by rotating the Si unit

(b) the BOM, which contains 21 atom@l Si and 10 O atoms  C€ll by an angle ofz/4 so that the diagonal of the Si-
Both unit cells are rectangular, of size 5:48.43x13.11 A3, The ~ diamond structure fits, approximately, the cubic edge of the
two models differ only by their Si-SiQinterface. [B-cristobalite unit cell. The superposition of the Si and SiO
layers gives rise to dangling bonds on some of the interface
Si atoms. These can be satisfied in different ways. In the
BM, this is done by adding a single O atom onto one of the
i atoms. The resulting unit cell has 23 atofos Fig. 1(a)]

and dimensions 5.43 A in th&-y plane and 5.43(1
+42)=13.11 A in thez (growth direction. In this model,
the Si-Si and Si-O distances, 2.35 and6L%, respectively,
are realistic, but the double-bonded oxyger=6i is not

sio,

Si

introduced by Tit and Dharma-wardatfashown in Fig.
1(b); here the interface dangling bonds are saturated by add:z
ing an oxygen atom to bridge two Si bonds. Full details of
the models are given in Sec. Il A.

The electronic properties of both the DBM and the BOM
have been studied within an empirical tight-bindifigB)
framework by Tit and Dharma-wardafrawho observed the ¢ ) ~ X
bands along the high-symmetry lines of the Brillouin zonefUnd in naturally occuring silicates. In the BOM, Figbl,

(BZ) parallel to thek, axis to be essentially dispersionless, in @" ©Xygen atom saturates two dangling bonds provided by
agreement with the present calculations. However, the banj’© different Si atoms; this modeol contains 21 atoms. Here
gaps were found to be direct in both the models, in contrathe Si-O-Si an_gle IS the_usual 144_ and the length of the Si-O
diction with the ab initio results. The present calculations bonds at the interface is 2.02 A, i.e., somewhat longer than

also provide more precise values for the valence-band offsef@uUnd in nature. No energy relaxation of the models has been
(VBO) — the difference in energy between the valence-bandarried out. As will be discussed in Sec. Il B, we found gap
maximum(VBM) of the two materials constituting the SE. statgs to pe present in the BO_M; in order to underste_md th_ls,
Indeed, it was found that appropriate values of the VBO ardVe investigated two other variants of the BOM, having Si-
0.0 eV for the DBM and 1.0 eV for the BOM, while this was O-Si angl_es O_f 109° and 1587, respectlv_ely. .
set to 3.75 eV in the TB calculations. The TB band gaps, The Brillouin zone for the SL, along with that for c-Si, is
however, remain direct even if the new VBO is used. depicted in Fig. 2. The principal symmetry axes are indi-

The DBM has been studied from first principles by Punk-cated: theZ-T', X-R, andM-A directions correspond to pos-
kinen et al!® using a full-potential linear-muffin-tin orbital Sible growth directions where confinement is expected to oc-

approach. However, no other interface structure was exanfur, as discussed below.

ined and thus the effect of changing the interface could not In Si/SiO, SLs, the electrons in Si are confined by the
be assessed; further, the optical properties were not calc$iO, layers. This implies the existence of an interface region
lated. Kageshima and Shiraishi have also used firstthat has to be defined in atomistic detail. An appropriate
principles methods to examine different models for thedefinition of the interface is provided by “suboxide,” or par-
Si-Si0, interface in oxide-covered Si slabsbut the SL ge- tially oxidized, Si atoms®!’ In the models presented here,
ometry was not examined. Their calculations indicate thabnly suboxide Si atoms bonded to one or two O atoms are
the interface plays an important role in the light-emitting present. From Figs.(4) and Xb), one sees that both models
properties of the system and that, in particular, interfaciapossess four suboxide Si layers, with three bulklike Si planes
Si-OH bonds are possibly related to the observed luminesn the DBM and only one in the BOM. The Si layers in the
cence. Here we present results for the electronic structur®OM are thus more strongly confined, and interface effects
the dielectric function, and the absorption coefficient of bothwill prevail in determining the electronic and optical proper-
the DBM and the BOM, and focus on a comparison betweenies of this model. It is known from experiment that in-
the two models. creased confinement results in a blue shift of the absorftion;
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Here the energ¥, is calculated and fixed at the first cycle of
the self-consistent-field calculation. The KS equations are

solved for a grid ok points as discussed below.

The integration of the radial secular equations was per-
formed on a radial mesh containing 581 points. The radius of
the spheres for silicon and oxygen atoms were set at 0.87 and
0.79 A, respectively, and an energy cutoff 6f7.1 Ry was
used for separating core from valence electrons. This gener-
ated 11 149 plane waves and the matrix size for the eigen-
value problem contained 5581 elements. These two param-
eters correspond to an angular momentum cutoff of 7.5 Ry
(see Singl? for further detail$, a value that ensures proper-

FIG. 2. Brillouin zone _for_the SL compared to that for the_ dia- energy convergence of the solution.
mond s_tructure. The prln0|pal axes of symmetry used in the The DBM has nine nonequivalent atoms while the BOM
electronic-structures calculations are also shown. has eight. The irreducible wedge of the Brillouin zone is

obtained after four-symmetry operations, which reduces con-

higher-energy gaps are thus expected in the BOM as comjqeraply the computational load. The supercell in zhui-

pared to the DBM(See also the discussions in Sec. Ill, @Syection being three times longer than in ther y directions,
well as in Table ).

only 181Kk points were necessary to achieve convergence of
the electronic energies. However, in order to ensure conver-
B. First-principles calculations gence of the wave functions needed to set up the optical

The electronic-structure calculations were carried out withmatrix, the density ok points had to be doubled. Integration
the wiENg7 code® which uses the all-electron, full-potential, of the Brillouin zone was performed using the tetrahedron
linearized-augmented-plane-wave methdd,within the  method and Broyden density mixing. The self-consistent cal-
framework of density-functional thed®¥?! (DFT) in the culations were performed in parallel modesing eight pro-
local-density approximatiofLDA).?? Thus, the core states in cessorson a Silicon Graphics Origin 2000 computer system.
the (spherical atomic region are described using an atomicAbout ten cycles were necessary to get convergence of the
basis, while the delocalized states in the interstitial region arenergy to about 10* Ry.
expanded in plane waves that are correctly formulated to

account for the core region. The Kohn-Sh&Ks) basis in- Ill. RESULTS AND DISCUSSION
side the atomic spheres is expressed as an angular-
momentum expansion: A. Band structures

_ N o The electronic band structures along the high-symmetry
TABLE |. Possible(LDA-DFT) transition energiesin eV) for  axes of the tetragonal Brillouin zor{ef. Fig. 2) for the two
the two model§DBM and BOM with Si-O-Si interfacial angle of models are plotted in Fig. 3, together with the densities of
144°). CB1, CB2, and VB refer to the first and second conductionstates(DOS)_ For the BOM, unless otherwise noted, the in-
band, and the valence band, respectively. For the DBMI2 des-  tarfacial Si-O-Si angle is the normal 144°. The confinement
ignates the conduction band minimum, which lies approximatelyi, {he 7 direction can already be inferred from the essentially
half-way betweed” andX points(cf. Fig. 3. The lowest directand  jishergjonless character of the bands along the three symme-

indirect transitions are listed; the energy gaps, which are indirecttry axes that are parallel to the axis of the SL, namxhR

are indicated in boldface. For the BOM, CB1 can be viewed as aZ-F and M-A axis; this was also observed by Punkkinen
gap statdsee text, and the "true” LDA gap is therefore 1.49 eV, tai.13 Thus optica,l transitions between bands lying in the

for the DBM, this gap state is absent, i.e., CB1 is the true lowesf

band, and the LDA gap is 0.81 eV. growth direction are favored by the confinement.
The DOS of the two models differ strongly in the region
BOM DBM of the gap, with an isolated conduction band clearly visible
X 7 r X/2 in the gap of the BOM that is absent in the DBM. The only
difference between the two models lies in the way that the
CB2 2.1870 1.4932 interfacial dangling bonds are fixed. The gap state in the
CB1 1.7447 0.0143 0.9781 0.8050 BOM is thus connected to the bridge-bonded Si atom. The
VB 0.0000 —0.3754 0.0000 —0.0369 results, evidently, are sensitive to the way that the interface is
CB2-VB dir. 2.1870 1.8686 formed, either in experiment, or in a theoretical model. This
CB2-VBind. CB2-VBy: 1.4932 question will be discussed in more detail in Sec. Il B.
CB1-VB dir. 1.7447 0.3897 0.9781 0.8419 The effect of the confinement in both models is clearly

CB1-VBind. CBIL-VBy: 0.0143 CBlyy,VBr: 0.8050 visible from the DOS. If we ignore the gap state in the BOM
for the momenibut see beloy the DOS at the Fermi level
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BOM contains only one bulklike Si laydr.e., Si atoms hav-
ing solely Si atoms as nearest neighbpmshile the DBM
has three. The band gap in the BOM should thus be signifi-
cantly higher than in the DBM, as Sj(has a(much larger
gap than Si. Thus, if the first state in the BOQMCB1” in
Fig. 3(b)] is assumed to be an unphysical artifact of the
model and temporarily ignored, the indirect gémm VB to
CB2) of 1.49 eV gets corrected to values between 2.1 eV and
4.7 eV, which is indeed beyond the band gap in the DBM.
The energy gaps in both models would be in the visible part
of the spectrum, consistent with experiméAat:?°

The dispersionless character of the bands in the growth
direction provides evidence of the confinement, as noted
above. However, confinement alone is not sufficient to ex-
plain the enhancement of the optical properties; it is also
determined by the atomistics of the interfaces, which must be
taken into account explicitly. The optical enhancement in the
two model structures will be considered in detail in Sec.
Il C, where we discuss our Fermi-golden-rule calculations
of the optical transitions, which incorporate the effects of the
dipole matrix element and the joint density of states. The
joint density of states, which is provided by the band-
structure calculations, is determined by the confinement of
the bands as well as the modifications of the bands arising
from interface-state effects. In a more qualitative sense, the
direct or indirect nature of the bands provide immediate in-
sight regarding the recombination of electron-hole pairs.

For the DBM, the direct transitions &t andI'X/2 have

702030 4050
DOS [States/eV]

energies of 0.98 eV and 0.84 eV, respectively, while the
I'-I"X/2 indirect transitior(i.e., the band gapcosts 0.81 eV.
Thus thesmallest directindirect gap(SDIG) in the LDA for

FIG. 3. Band structure and DOS féa) the DBM and(b) the  the DBM is a mere 0.03 eV0.84-0.81 eV. For the BOM
BOM. CB1 and CB2 are, respectively, the first and second conducdif the “CB1” gap state is, again, ignoredthe direct transi-
tion bands discussed in the text. tions atX andZ have energies of 2.19 and 1.87 eV, respec-

tively, compared to 1.49 eV for th8-X indirect transition,

has a step-function-like threshold, as opposed to bulk silicorfor a SDIG of only 0.35 eV. These numbers can be compared
which is knowr?® to have a threshold depending on theto the corresponding ones for bulk silicon again in fist
photon energyhiw as (ﬁw—Eg)l/z, where Eg4 is the gap BZ (within the LDA): the direct transition at thE point has
energy. Higher transition probabilities are thus expectedenergy 2.52 eV while the direct transition at the CBivear
in Si/SiO, SLs. 3/4I'X) costs 3.20 eV. The indirect band gap is 0.49 eV, so

The numerical values of the various possible transitiorthat the SDIG in this case is2.0 eV. This ismuch larger
energies are given in Table I. For the DBM, the valence-bandhan that for the DBM and the BOM. The latter, as a conse-
maximum is at the point but the conduction-band mini- quence, should have much better optical properties than bulk
mum (CBM) is in between thé" and X points(labeledl” X/2 Si. It is also clear that the DBM will have better optical
in Table ), giving an indirect gap of 0.81 eV. For the BOM, properties than the BONsee Sec. Il € since the SDIG of
the VBM is atX while the CBM is atZ, giving an almost null  the DBM is smaller than that of the BOM. Optical calcula-
(0.01 eV indirect band gap. However, it should be remem-tions will confirm these observations obtained from the elec-
bered that the energy gaps are significantly underestimated tronic band structures.
the LDA and other implementations of the DFT. Thus the
bulk-Si LDA energy gap is 0.49 eV, about 0.6 eV below the
true value of 1.1 eV, while the bulk-SO_DA energy gap

(of the B-cristobalite phase, groupt2d with 144° Si-O-Si In view of the presence of a gap state in the BOM —
angles is 5.78 eV, about 3.2 eV below the true value of 9 eV.labeled “CB1” in Fig. 3(b) — and in order to assess the role
Better (but certainly nonrigoroysestimates for the DBM of the interface on the electronic properties, other possibili-
energy gap would thus be restricted between 1.4 and 4.0 eties for the interfacial Si-O-Si angle were consideréd:
while for the BOM the energy gaps would remain between109°, corresponding to positioning the oxygen atom on a
0.6 and 3.2 eV. The unusually low value for the energy gamormal silicon site of the Si lattice, hergg o=2.35 A ;(ii)

of the BOM is another indication that the lowest conduction144° that corresponds to the experimental value of the Si-
band is really a gap state. Indeed, as indicated earlier, th®-Si angle, used in the calculations discussed above, yield-

B. Gap states in the BOM
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BOM (109°) BOM (158°) complex dielectric functiore= ¢, +i¢;. The absorption co-
efficient @, which can then be deduced froemas a function
. of the photon energysee below, provides a detailed picture
\,\ of one aspect of the optical properties of the material. In
CB

2_
CB2 N B2 principle, the luminescence requires a knowledge of the ex-
s |k ] cited states of the system, with electrons occupying the con-
2, duction band. Such states are not available from DFT calcu-
Eﬁ CB CB CBI lations. Further, the electrons in the conduction band are
;:J’ associated with holes in the valence band. For low-carrier

concentrations, the screening is weak and hence exciton for-
mation occur<® This many-body effect is also required for a
complete description of luminescence. Such calculations re-
quire, e.g., the solution of the Bethe-Salpeter equation for the
_QX' i electron-hole paifsee Chang Rohlfing, and Louie, Ref.)27
R ZX R and are still prohibitive even for the simple-model structures
FIG. 4. Band structure of the BOM having three different inter- ﬁg?eSIdered here. Excitonic effects will thus be neglected
As already noted, the band gaps are underestimated by
ing dgi.o=2.02 A ; and finally(iii) 158°, a value obtained LDA-DFT and this has to be corrected if the absorption
by relaxing the oxygen atom position, and which corre-thresholds are to be realistic. In practice, this can be done to
sponds to a(local) energy minimum; in this case, a reasonable approximation by rigidly shifting all the con-
dsi.o=1.96 A.The “normal” Si-O distance in silica is 1.61 duction bands to the appropriate energy. However, we remain
A", which cannot be accomodated by the crystalline siliconwithin the DFT framework and calculate the absorption in
lattice in the BOM. the Fermi-golden-rule approximation. Also, we assume
Figure 4 shows the band structures for the three casegjat the emission spectrum is similar to the absorption
here we consider only th¥-R-Z direction, wherein lies the  spectrum and neglect excitonic effects. In spite of these ap-
energy gap. Evidently, the precise value of the interfacial,oyimations, the main mechanisms of luminescence
Si-O-Si bond angle, and corresponding Si-O bond lengthenancement—the effects arising from the joint density

have a sizeable effect on the band structure. In fact, the 158c :
; . - . ’ f h | — | {
BOM is, within the LDA, a metal if CB1 is not assumed to p?f[ezs and the matrix _elements—would be  correctly

. . - C
be a gap state, as discussed earlier. Likewise, the 144° BONF‘Using the program written by Abt, Ambrosch-Drax], and
is nearly metallic. These results indicate that the acceptablg, |28 3¢ part of thewien 97 package’w the imaginary p,art

range of mt:arfamal ,,S'_'O'S'_ angles, and the consequen_tl)éf the dielectric function has been determined, it is given by
longer than “normal” Si-O distances, are probably essential

issues in explaining the luminescence in Si/SELs.

facial Si-O-Si anglegas indicategl

In order to get a quantitative evaluation of the role of the 4re? 2dK3 ) R
CB1 energy level, we calculated the partia dore charge ()= — > f 3|<ck|H“|vk>|2fUl;(1
density of the interfacial oxygen atom in the BOM and com- Mm@/ ve J (2m)

pared it with the one of oxygen atoms inside the Si&yer, — 1) 8(Eci— E,i— i)

at the CB1 and CB2 energy levels. This is done by summing ck/Th ek ok '

the partial charge density over all tk@oints, and dividing it~ wheref i is the Fermi distribution an@{ ¢ is the « compo-

by the total (nuclear and electroniccharge of each non- nent of the electron-radiation interaction Hamiltonian in the
equivalent oxygen atoms in the supercell, for the two energ€oulomb gauge; it corresponds to the probability per unit
levels considered. For the CB1 energy level, we find that the&olume for a transition of an electron in the valence-band
interfacial oxygen atom contributes 0.31% of the total corestate|vk) to the conduction-band statek) to occur. From
(1s) charge density, while oxygen atoms in the Sil@yer  Kramers-Kronig relations one then deduces the real part

contribute only 0.04% of the total charge density. Now, the_ 24t giglectric functiore is defined as the square of the
same calculation for the CB2 energy level gives 0.17% for

the interfacial oxygen atom, while oxygen atoms in the SiO ComP'e.X re_frac_twe index=n;+in;, so that the absorption
layer contribute 0.137%. Thus, the )1charge density at coefficient is given by
CBL1 is higher for the interfacial oxygen atom than for any
oxygen atom ir_l the SiQlayer, showing that the CB1 energy E E (fr2+ 6i2)1/2_ €
level and the interface oxygen atom are related. Structural a(E):47Th_ni:47Th_ T E—
relaxation of the interfacial oxygen atom would remove this ¢ ¢
spurious CB1 energy level; such calculations are in progresgyith c the speed of light in vacuunh, Planck’s constant, and
E the photon energy.
Figure 5 shows the component of the absorption coeffi-
The Kohn-Sham calculations provide matrix elements andients for the DBM and for the three different variations of
joint densities of states necessary for the calculation of th¢he BOM. We also give, for comparison, the corresponding

1/2

C. Optical properties
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200 T - T T Thus, the four model&he DBM and the BOM with bond
,’\ . /"~"\ angles 109°, 144° and 158°), which differ only by their
- \Si \ . . - . . . .
=z o\ . interface definition, give rather different optical properties.
8 150F ,' RN The onset of the absorption curve in the BOM with Si-O-Si
S ! S angles of 144° and 158° do not differ that much from the one
= | |  DBM I obtained from bulk Si, while the DBM and the BOM with
B 100 " 109°, viz. the BOM with higher Si-O bond lengths at the
g i interface, give better optical properties. This is additional
é :' BOM (158" ; i indication that the interfacial atomic structure has to be con-
2 50 (O ) _ i nected to the optical enhancement in the SLs, in agreement
< BOM (1‘(‘)4) 7sio with Kageshima’s analysi¥. Likewise, it can be concluded
BOM (109 ) _’ : from Fig. 5 that bulk Si has poor optical properties compared
0 L . - ) to the SLs, since the onset of absorption lags behind that for
0 4 8 12 the two SLs and the SDIG is much larger.

Energy [eV]

FIG. 5. Absorption curves for the two models compared to bulk IV. CONCLUDING REMARKS

Si and idealB-cristobalite SiQ. The three BOM angles correspond . . .
to the interfacial Si-O-Si angle in the model. The BOM curves for e have used first-principles calculations(tpstudy the

144° and 158° overlap almost exactly; the full line corresponds tatle€ctronic and optical properties of Si/SiGL models and
an angle of 144° while the dotted line corresponds to an angle ofii) €xamine the applicability of tight-binding calculations for
158°. these systems.

Our calculations indicate that the band gap in both models
curves for silicon and for the ideg-cristobalite SiQ struc- is indirect (albeit quasi-diregt and in the visible region of
tures. The energy gaps are those ones directly from the LDAhe spectrum. Confinement is further demonstrated by the
correcting the gaps would only affect the position of theessentially dispersionless character of the electronic band
onset, but not the general aspect. The overall amplitude ditructures in the growth directiofef. Figs. 3. Our calcula-
the absorption coefficient for the two models are comparablgions show, also, that the SLs have enhanced optical proper-
However, the onset of absorption occurs earlier in the DBMties as compared to pure Si.
than in all variations of the BOM, correlating with the thick- ~ The influence on the optical properties of the Si-Si®
ness of the bulklike Si layers—three atomic planes for thderface has been assessed from calculations of the absorption
DBM vs one for the BOM. Our results thus confirm the shift coefficient. This quantity, we have shown, depends critically
towards the blue with increasing confinement observed i®n the atomic details of the interfacial structure for a given
experiment. Further, it is clear from Fig. 5 that the CB1 state “state” of confinement. Thus, realisti¢nterface models are
in the BOM plays no role in the absorption, i.e.nistrelated  essential for determining completely the electronic and opti-
to confinement; it is merely an artifact of the particular struc-cal mechanisms in Si/Si5Ls. We are presently examining
ture of the interface in this model. such optimized structural models, with optical calculations

Closer inspection of Fig. 5 reveals that the DBM hasgoing beyond those of Ref. 29.
better-absorption properties than the three BOMs: the onset
of absorption is sharper in the DBM, consistent with the
band structure analysis above that showed the SDIG to be
smaller in the DBM than in the BOM ~{0.03 vs It is a pleasure to thank Gilles Abramovici, Ralf Meyer,
~0.35 eV), and implying a larger transition probability for and Michel Cde for useful discussions. This work is sup-
the former than the latter. Further, the interface suboxide Sported by grants from the Natural Sciences and Engineering
atoms do have significant effects on the electronic and optiResearch CounciNSERQ of Canada and the “Fonds pour
cal properties. For instance, the band ¢giapm VB to CB2  la formation de chercheurs et I'aiddarecherche’(FCAR)
in the 109° BOM is 1.504 eV, while it is 1.493 eV and 1.451 of the Province of Quaec. We are indebted to the “Beau
eV for the 144° BOM and the 158° BOM, respectively. Suchquébecois de calcul de haute performancéRQCHP for
effects will be reconsidered within relaxed interface modelsgenerous allocations of computer resources.
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