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Quantum confinement effects on the electronic structure of Si„001… ultrathin films: Energy
shifts of optical band edges and luminescence in crystalline and amorphous Si films

Masahiko Nishida
Department of Physics, Kanazawa Institute of Technology, Nonoichi-machi, Ishikawa 921-8812, Japan

~Received 18 December 1998!

The electronic structure for Si~001! ultrathin films terminated by SiO4 species is calculated by the extended
Hückel-type nonorthogonal tight-binding method and compared to experimental results for amorphous
Si(a-Si)/SiO2 superlattices grown on~001!Si substrates by molecular beam epitaxy~MBE! @Lockwoodet al.,
Phys. Rev. Lett.76, 539~1996!#. A remarkable coincidence in the energy shifts of the valence band maximum
~VBM ! and conduction band minimum~CBM! between the calculation and experiment strongly suggests that
the MBE-growna-Si well layers are almost crystalline and can have a CBM projected in the~001! growth
direction and a local minimum of the conduction band as in the crystalline Si~001! films. The similarity of the
thickness dependence of observed photoluminescence~PL! peak energy shifts to that of calculated energy-gap
shifts indicates that the observed PL should be due to direct recombination of excitons between the VBM and
the projected CBM of extended states quantized in thea-Si well layers as in the crystalline Si~001! ultrathin
films. It is found that the binding energy of excitons~100 meV! related to the PL can be a combination of the
increased Coulomb energy induced by a compression of wave functions for two-dimensional excitons and the
one caused by a reduction in dielectric constant due to confinement in the growth direction.
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I. INTRODUCTION

Although a large amount of work has been done on
visible-light emission in Si quantum dots and wires,1 there
has been relatively little work on visible luminescence
two-dimensional ultrathin films of Si, because of their on
dimensional quantum confinement character. However, w
defined and controllable Si nanostructures such as t
dimensional ultrathin films are required for practic
applications of band-gap engineering of quantum-confi
structures that exhibit new optoelectronic phenomena
are absent in bulk Si.

Recently, well-characterized two-dimensional Si quant
wells and superlattices have been reported to provide ro
temperature photoluminescence~PL!.2–6 Among others,
Lockwood et al.2 have reported visible light emission from
amorphous-Si(a-Si)/SiO2 superlattices, grown on~001!Si
substrates by molecular beam epitaxy~MBE!. They have
shown that those highly luminescent superlattices exh
clear quantum confinement shifts in the valence band m
mum ~VBM ! and conduction band minimum~CBM! as well
as PL peak energies with Si layer thickness. The obser
results for PL are in striking contrast to those in conventio
a-Si:H. No shift in PL due to quantum confinement has be
reported ina-Si:H ultrathin layers, because of the occurren
of disorder-induced localized tail states.7

The fact that both the Si well layers and SiO2 barrier
layers in the Si/SiO2 superlattices are amorphous is qu
important, in the sense that amorphous materials are no
stricted within lattice matching requirement at the interfa
in a quantum well heterostructure, in contrast to crystall
ones where a heterostructure must be prepared by two m
rials having the same or similar lattice constants. In fac
large lattice mismatch at the interface between the crysta
PRB 590163-1829/99/59~24!/15789~7!/$15.00
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(c-Si) and SiO2 layers is likely to produce in-plane strain i
c-Si wells and thus,c-Si/SiO2 quantum wells exhibit PL
peak energies almost independent of Si layer thickness,4–6 in
contrast to the PL spectra in thea-Si/SiO2 superlattices
grown by MBE.2 This suggests that atomic configurations
the interface betweenc-Si and SiO2 are quite different from
those between MBE-growna-Si and SiO2, resulting in dif-
ferent electronic structures at the interface and PL spectra
present, however, detailed comparison is difficult, owing
the complicated difference in nature and structure of the
lated materials. The IR~infrared spectroscopy! confirmation
that the MBE grown Si well layers in thea-Si/SiO2 super-
lattices contain no significant amounts of hydrogen2 is also
important, because an upward shift in the optical band
and PL in conventionala-Si:H can be correlated to highe
hydrogen content ina-Si:H with smaller thickness by re
moving deepest localized states.8 For the reasons state
above, the amorphous Si well layers in the MBE-grow
a-Si/SiO2 superlattices seem to be quite different in natu
from conventionala-Si or a-Si:H prepared by other method
such as glow discharge decomposition of SiH4 and plasma
enhanced chemical vapor deposition.

Very recently, tight-binding model calculations have be
done for conventional ultrathina-Si anda-Si:H layers with
localized states, showing a substantial blueshift in ene
gap due to confinement while failing to provide a definiti
description of the experimentally observed PL energies.9 In
addition, electronic structure calculations have been p
formed in the past forc-Si/SiO2~001! superlattices10 and iso-
lated oxygen-terminated Si~001! ultrathin films11 by use of
tight-binding methods, though both have not described
comparison of their calculated results with the experimen
ones for thea-Si/SiO2 superlattices deposited by MBE.2

In the present work, the electronic structure for crystalli
15 789 ©1999 The American Physical Society
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15 790 PRB 59MASAHIKO NISHIDA
Si~001! ultrathin films terminated by SiO4 species has bee
calculated and compared to the experimental results for
a-Si/SiO2 superlattices grown on~001!Si substrates by
MBE. The results show that the ultrathin layers ofa-Si in the
superlattices can have the same kind of extended~delocal-
ized! states as crystalline Si~001! ultrathin layers and provide
convincing theoretical evidence for quantum confineme
induced luminescence due to direct transition of excitons
tween the optical band edges of extended states in thea-Si
well layers. Special emphasis is put on the analysis of ene
shifts in the VBM and CBM and those in PL observed in t
a-Si/SiO2 superlattices. It is shown that electronic state c
culations for the Si~001! ultrathin films terminated by SiO4
species simulate sufficiently experimental results for the
well layers in thea-Si/SiO2 superlattices grown on~001!Si
substrates by MBE.

II. MODEL AND CALCULATIONS

Electronic state calculations are carried out by apply
the extended Hu¨ckel-type nonorthogonal tight-bindin
~EHNTB! method to the crystalline Si~001! ultrathin films or
slabs. The detailed calculations of electronic structure
oscillator strength by the EHNTB method have been
scribed in Ref. 11. Here, we briefly describe the EHNT
method. This is a non-self-consistent method of the tw
center approximation. The basis consists of ones and threep
orbitals centered on each atom. The energy matrix elem
are proportional to the overlap matrix elements, which
calculated using Slater-type atomic orbitals which appro
mate atomic basis orbitals. All distant-neighbor nonortho
nal overlaps and interactions between basis orbitals up to
sixth ones are included explicitly. The EHNTB paramete
for Si are determined by means of an accurate fit of the b
band structure calculated using 5.43 Å as a lattice consta
the empirical nonlocal-pseudopotential band structure for
The EHNTB parameters between H and Si and betwee
and H and those between O and Si and between O and O
determined by fitting calculated surface electronic states
the H- and O-covered Si~111! surfaces, which have bee
intensively studied, to experimental data.11 It is noted that
the EHNTB method does not use the effective mass appr
mation.

There are two surfaces on both sides of the films and
two-dimensional periodicity parallel to the film surface
preserved. In order to simulate the Si/SiO2 interface, the
films are terminated by SiO4 surface species with silicon
bonded to four oxygen atoms, as shown in Fig. 1~a! where
the H-terminated configuration is also presented for g
metrical comparison~the Si-H bond length is 1.48 Å!. Dan-
gling bonds on the surface Si atoms are fully passivated
oxygen atoms in this configuration. The silicon atom in t
SiO4 tetrahedron species on the Si~001! films has topologi-
cally the same bond configuration as in SiO2. The Si-O bond
length is taken as 1.64 Å and the length between the
adjoining oxygen atoms at the topmost layer is taken to
1.47 Å as in the H2O2 molecule.12 The bond angle of Si-O-S
is taken as 180° for the sake of simplicity.13 The
SiO4-terminated configuration in the Si ultrathin films
found to be sufficient to simulate the interface in t
a-Si/SiO2 superlattices deposited by MBE. Figure 1~b! illus-
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trates the irreducible part of the surface Brillouin zone~SBZ!

for the ~001! film. The signsḠ and D̄m denote the zone
center and the location where the bulk CBM occurs, resp
tively. Dispersion relations of the valence and conduct
bands are calculated along the symmetry directions in
SBZ. The energies~in eV! are referred to the VBM for Si
films. Calculated results are reported for Si~001! ultrathin
films with thickness ranging up to 44 Si atomic layers~about
6 nm in thickness!.

III. RESULTS AND DISCUSSION

To gain insight, we first show in Fig. 2 the calculate
energy dispersions of the valence and conduction band e
near the fundamental band gap along the symmetry di
tions in the SBZ. The result calculated for a SiO4-terminated
Si~001! ultrathin film ~solid lines! is compared to that for the
H-terminated one~dotted lines!. Here the number of Si lay-
ers in the film is six for both configurations. The VBM an
CBM energies in the infinite Si bulk are shown by the ho
zontal dashed lines. The VBM’s of the films for both co

figurations appear at theḠ point in the SBZ. On the othe
hand, the two bulk CBM’s of Si along the@001# directions

are projected onto the film surface and appear at theḠ point,
and the other four bulk CBM’s along the@100# and @010#

directions occur at theD̄m point, as described in Ref. 11

According to effective mass theory, the projections atḠ are
upshifted in energy by a small amount, because the he
longitudinal mass controls the kinetic energy of confinem

FIG. 1. ~a! Side view of the SiO4-terminated Si~001! film con-
figuration. The H-terminated configuration is also presented
geometrical comparison. The black, shaded, and open circles de
the hydrogen, oxygen, and silicon atoms, respectively.~b! The irre-
ducible part of the surface Brillouin zone for the~001! film. The

signsḠ and D̄m denote the zone center and the location where
bulk CBM occurs, respectively.
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along the@001# direction, while the projections atD̄m are
also upshifted in energy, but by a larger amount, beca
their energies are determined by the light transverse m
owing to confinement in the@001# direction. Therefore, the

energy states projected atḠ are lower in energy than th

projections atD̄m . As a result, the energy states folded on

Ḡ form the CBM ~referred to as the projected CBM! and

those projected atD̄m are expected to be a local minimum
the conduction band~LMCB!, in the Si~001! ultrathin films.
This is the reason for the band gaps of the Si~001! ultrathin
films being direct. The situation mentioned above can

seen in Fig. 2. The VBM’s and CBM’s atḠ and the LMCB’s

at D̄m of the films for both configurations are found to b
shifted in energy from the VBM and CBM in the Si bul
owing to quantum size effects, as seen in Fig. 2. We no
that, aside from some slight difference in details of disp
sion behavior, there is little difference in energy of the VB

and CBM atḠ as well as the LMCB atD̄m between the SiO4-
and H-terminated films with the same number of Si layer

Figure 3 shows the calculated energy shifts of the VB

and CBM atḠ and of the LMCB atD̄m from the bulk values
as a function of the number of Si layers in the films term
nated by SiO4 species~open and closed circles!, in compari-
son with the H-terminated case~solid and dashed lines!. It is
seen that the VBM shifts down and the CBM and LMC
shift up from the bulk with the decrease in Si layer thickne
reflecting quantum confinement effects. The energies of
VBM, CBM, and LMCB for the film terminated by SiO4 are
almost the same as those for the H-terminated case in a
films under study. This means that the energies of the V

and CBM atḠ and the LMCB atD̄m , and thus the direc

(Ḡv2Ḡc) and indirect (Ḡv2D̄mc) band gaps for the films
under study are determined through quantum confinem

FIG. 2. Energy dispersion curves of the valence and conduc
band edges for the SiO4-terminated Si~001! ultrathin film ~solid
lines! in comparison with those for the H-terminated one~dotted
lines!. The number of Si layers in the film is 6. The VBM and CB
energies in the infinite Si bulk are shown by the horizontal das
lines.
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only by the number of Si layers, i.e., the thickness of lay
for the Si skeleton in the film, irrespective of the passivati
species. This is because energy states associated with Si
Si-H on the surface occur far away from the fundamen
band gap and no localized states appear around the
edges for both configurations.

On the other hand, the SiO4 termination tends to intensify
oscillator strength for the films. Figure 4 presents the cal
lated oscillator strength between the VBM and CBM~y po-

larization along the@110# direction! at theḠ point in the SBZ
as a function of the number of Si layers for the Si~001!
ultrathin films terminated by SiO4 on both sides~squares!, in
comparison with the H-terminated case~x polarization along

the @11̄0# direction! ~triangles!. Electronic state calculation
have been carried out for the films terminated by SiO4 on one
side and by H on the other side, in order to simulate partia
passivated Si nanostructures. The circles in Fig. 4 show
resulting oscillator strength~y polarization!. Although the
calculated energy positions of the VBM, CBM, and LMCB
and thus the band gaps do not depend on the extent of
sivation by SiO4 species, the oscillator strength or possib
luminescence intensity is enhanced by up to an order of m
nitude with the increase in the amount of SiO4 species pas-
sivating the films, reflecting an increase in the mixing b
tween the projected CBM and the zone-center states du
the Si-O-Si bonds on the film surface.11

In Fig. 5, the calculated energy shifts in the VBM an

CBM at Ḡ and the LMCB atD̄m are replotted, respectively
by the solid lines and the dotted line from Fig. 3, for th
purpose of comparing them to the experimental results~open
symbols! for the a-Si/SiO2 superlattices deposited o

n

d
FIG. 3. Calculated energy shifts of the VBM and CBM atḠ and

the LMCB ~see the text! at D̄m from the bulk values as a function o
the number of Si layers in the Si~001! ultrathin films terminated by
SiO4 species~open and closed circles!, in comparison with those for
the H-terminated case~solid and dashed curves!. In the CBM sec-

tion, the closed circles and solid curve denote the CBM atḠ and the

open circles and dashed curve the LMCB atD̄m .
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15 792 PRB 59MASAHIKO NISHIDA
~001!Si substrates by MBE.2 Here, the calculated results a
shown as a function of Si layer thickness~nm! for the sake of
comparison with the experiment. The experimental VB
and CBM shifts have been determined by x-ray photoe
tron spectroscopy and SiL-edge x-ray absorption spectro
copy, respectively, for MBE-grown (Si/SiO2!6 superlattices
at room temperature.2 It is noted that the measured points f

FIG. 4. Calculated oscillator strength between the VBM a

CBM ~y polarization along the@110# direction! at theḠ point in the
SBZ as a function of the number of Si layers for the Si~001! ultra-
thin films terminated by SiO4 on both sides~squares! and for those
terminated by SiO4 on one side and by H on the other side~circles!,
in comparison with the H-terminated case~x polarization along the

@11̄0# direction! ~triangles!. The closed and open symbols refer
the lowest and second-lowest energy transitions, respectively.

FIG. 5. Calculated energy shifts in the VBM and CBM atḠ and

the LMCB ~see the text! at D̄m are replotted, respectively, by th
solid lines and the dotted line from Fig. 3 as a function of Si lay
thickness~nm!. The experimental results for thea-Si/SiO2 super-
lattices deposited on~001!Si substrates by MBE~Ref. 2! are pre-
sented by the open symbols.
-

the superlattices are in remarkable agreement with the ca
lated curves for the crystalline films, suggesting that ther
no trace of localized band-tail states observed above
VBM and those below the CBM. As clearly seen in Fig.
some of the observed points agree with the calculated cu

for the CBM projected atḠ and others coincide with that fo

the LMCB at D̄m in the crystalline Si~001! ultrathin films.
This implies that there can be two kinds of minimum of t
conduction band in the MBE-growna-Si well layers, as in
the crystalline Si~001! films with the projected CBM and the
LMCB. Therefore, it is quite likely that the core 2p electrons
in the Si L-edge x-ray measurements for thea-Si/SiO2 su-
perlattices are excited to the CBM projected in the grow
direction as well as to the LMCB in thea-Si well layers.
Obviously, more detailed measurements needs to be don
the VBM and CBM shifts in thea-Si/SiO2 superlattices, in
order to confirm the above description.

The fact that the shifts in the VBM and CBM observed
the MBE-growna-Si/SiO2 superlattices behave in the sam
way as those calculated for the crystalline Si~001! ultrathin
films strongly suggests that both the VBM and CBM o
served in the Si well layers of the MBE-grown superlattic
are the same kind of extended~delocalized! states as those in
crystalline Si films. This would be a manifestation of the fa
that the intermediate as well as short-range order is v
nearly the same in the MBE-growna-Si and crystalline Si.
As is well known, a quantum confinement effect would n
be expected to occur in conventionala-Si:H with large dis-
order and the resulting small electron mean free path~;1
nm!. However, quantum confinement effects on extend
states ina-Si is expected to be similar to those in crystallin
Si, as long as the coherence length of electron wave func
in the delocalized states is long compared to the Si film
well layer thickness. The latter should be the reason for
striking coincidence in the energy shifts of the VBM an
CBM between the experiment and calculation. The s
gested presence of the projected CBM and the LMCB in
MBE-grown a-Si layers as in the crystalline Si films woul
be related to a recently reported assumption that thea-Si:H
band gap is indirect, independent of local silicon bondi
environments, as suggested by a model based on the int
tion of electronic bands and a phonon band.14 Thus, the re-
markable coincidence between the calculation and exp
ment strongly suggests that the amorphous Si well layer
the MBE-growna-Si/SiO2 superlattices are almost crysta
line and have the same growth direction as the~001!Si sub-
strate, and do not have any significant localized band-
states, in contrast to the case of conventionala-Si:H.

Figure 6 shows the energy gap shifts from the bulk c
culated for the SiO4-terminated Si~001! ultrathin films as a
function of Si film thickness~nm!. The shifts in the direct

(Ḡv-Ḡc) and indirect (Ḡv-D̄mc) band gaps are presented b
the solid and dashed lines, respectively, in comparison w
the shifts in PL peak energy from the bulk observed for
MBE-grown (Si/SiO2!6 superlattices at room temperature.2 It
is easily found that the calculated energy-gap shifts and
observed PL peak energy shifts are increasing in a sim
way with decreasing Si layer thickness below 3 nm. Furth
more, it is worth noting that the shifts in band-gap ener
calculated by the theory are systematically larger by a cer

r
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amount than those in experimental PL peak energy. We
find that the experimental PL peak energy shifts which
moved up by 100 meV coincide almost perfectly with t

curve for the calculated shifts in the direct band gap atḠ, as
shown in the inset of Fig. 6. In addition, the increase in
calculated energy-gap shifts with decreasing Si layer th
ness is also consistent with that in energy shifts of the fi
absorption edge observed in singlea-Si:H ultrathin layers,
though the confinement direction is unknown in t
experiment.15

Now we examine the mechanism of the upward shift
the PL spectra observed for layer thickness below 3 nm
first, we can preclude the possibility that an increase in
tical band gap and PL peak energy is correlated to hig
hydrogen content ina-Si with decreased thickness, becau
the MBE-growna-Si materials under consideration are h
drogen free.2 Thus, another mechanism must be at work. W
consider quantum confinement as a source of the upw
shift. The clear thickness dependence of the PL spe
would be much more unambiguous signal for quantum s
effects than that of the optical band gap in amorphous st
tures, since optical band-gap measurements are not alw
adequate indicators of a quantum confinement effect for
riers in a-Si:H and the interpretation of usually reporte
blueshifts measured by conventional optical absorption sp
troscopy ina-Si:H-related multilayers on the basis of qua
tum confinement is open to question.16

As stated above, no significant localized band-tail sta
are found to exist in the MBE-growna-Si from the compari-
son of the energy shifts in the VBM and CBM measur
using x-ray techniques with the calculated counterparts in
crystalline Si ultrathin films. If significant localized states a
located in band tails near the VBM and/or CBM, photoe
cited carriers quickly thermalize down to the band ta
Then, the lowest energy states in the band tails reache

FIG. 6. Calculated shifts in energy gap from the bulk for t
SiO4-terminated Si~001! ultrathin films as a function of Si film
thickness~nm!. The solid and dashed lines show the shifts in t

direct (Ḡv2Ḡc) and indirect (Ḡv2D̄mc) band gaps, respectively
The photoluminescence peak energy shifts from the bulk obse
for the MBE-grown (Si/SiO2!6 superlattices at room temperatu
~Ref. 2! are also plotted for comparison and moved up in energy
100 meV in the inset.
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the holes and electrons before radiative recombination de
mine the energy of the PL emission as in conventio
a-Si:H ~;1.4 eV!. In this situation, PL energy shifts due t
quantum confinement would be negligible.7 Thus, judging
from the experimental results for PL and their comparis
with the calculated results, the PL should be based on
quantization of extended states in the MBE-growna-Si lay-
ers, as insisted by Lockwoodet al.,2 in contrast to conven-
tional a-Si:H where PL is due to localized tail states. Th
electron-hole transition will then occur between optical ba
edges of the extended states, i.e., between the VBM
CBM in the MBE-growna-Si. Although the PL peak energ
for a very large thickness~.3 nm! in the MBE-growna-Si
well layers is 1.6 eV and is larger than that in crystalline S2

the shifts in PL peak energy are independent of whether
Si regions responsible for the light emission are amorph
or crystalline.

Finally we consider the implications of the energy diffe
ence~100 meV! between the observed shifts in PL peak e
ergy and the calculated band-gap shifts for the Si layer th
ness less than 3 nm. As mentioned above, we can ass
that the PL is caused by direct recombination of excito
between optical band edges of extended states quantize
the a-Si well layers, which corresponds to the direct tran

tion between the VBM and CBM atḠ in the crystalline
Si~001! ultrathin films. Then the energy difference stat
above can be attributed to the binding energy of excito
confined in the ultrathin films. Here we refer to this ener
difference of 100 meV as the experimentally observed bi
ing energy of excitons.

On the other hand, excitonic behavior can be enhance
the ultrathin films, because the physical separation betw
electron and hole is reduced in the confinement direction
a result of which the Coulomb interaction increases. T
will lead to an enhanced binding energy of excitons in t
ultrathin films. In a one-dimensionally confined system su
as Si ultrathin films, excitonic behavior should be two d
mensional and the Coulomb interaction in the nonconfin
directions parallel to the film surface predominates in ex
tonic effects. The binding energy for a purely two
dimensional exciton~flat exciton! in the ideal situation is
enhanced at most up to four times the bulk value and gi
by17

EB54Ry . ~1!

HereRy is the effective Rydberg constant and

Ry5
e4m

32p2\2«2 , ~2!

wherem is the reduced mass along the film surface,e the
electron charge, and« the dielectric constant. The reduce
mass along the film surface can be estimated by

1

m
5

1

me
1

1

mh
. ~3!

Here, we consider an electron lying in the CBM atḠ pro-
jected along the@001# directions and thusme is taken to be
the experimental transverse effective mass of electron in
andme50.19m0 wherem0 is the mass of free electron. O

ed
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15 794 PRB 59MASAHIKO NISHIDA
the other hand,mh at the VBM is taken as 0.54m0 which is
the bulk effective mass for heavy hole in Si. The resulti
reduced mass along the film surface ism50.14m0 .

When we take the dielectric constant« for the Si ultrathin
films to be 11.4 as in Si bulk, the calculated binding ene
EB is 58 meV, which is much smaller than the experime
tally observed one. On the other hand, electrostatic scree
in semiconductor nanostructures is expected to be diffe
from its bulk counterpart. Theoretical studies on the diel
tric constant in quantum confined systems have shown
significant drops in dielectric constant take place.18,19 The
reduction in dielectric constant will lead to an increase in
binding energy of excitons. If we assume that the value
EB in Eq. ~1! is equal to 100 meV, the experimentally o
served binding energy of excitons, then the resulting die
tric constant« is estimated to be 8.74.20 This value for the
dielectric constant in the Si ultrathin films is in reasona
agreement in order of magnitude with the value of 8.18
the dielectric constant in a Si quantum dot with 3 nm
diameter.18 Thus, we can say that the experimentally o
served binding energy of excitons in the Si well layers in
a-Si/SiO2 superlattices with the Si layer thickness below
nm is a combination of the increased Coulomb energy
duced by a compression of wave functions for tw
dimensional excitons and the one caused by a reductio
dielectric screening due to confinement.

IV. CONCLUSIONS

The electronic structure for the crystalline Si~001! ultra-
thin films terminated by SiO4 species has been calculated
the EHNTB method and compared to the experimental
sults for thea-Si/SiO2 superlattices grown on~001!Si sub-
strates by MBE. Special emphasis has been put on the s
larity of energy shifts in the VBM and CBM between the
well layers in the superlattices and the crystalline Si~001!
ys
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ultrathin films terminated by SiO4 species and on the corre
lation of the observed PL spectra and the calculated b
gaps. The results are summarized as follows.

~1! Although the calculated energy positions of the VBM
CBM, and LMCB and thus the calculated band gaps do
depend on the species terminating the Si films under st
nor on the extent of the passivation of the films by Si4
species, the calculated oscillator strength is enhanced by
tors of up to 10 with the increase in the amount of Si4
species passivating the Si films.

~2! The remarkable coincidence in the energy shifts of
VBM and CBM between the calculation and experime
strongly suggests that the Si well layers in the MBE-gro
a-Si/SiO2 superlattices are almost crystalline and can ha
the CBM projected in the same growth direction as in t
~001!Si substrates and the LMCB as in the crystalli
Si~001! films.

~3! The similarity of the thickness dependence of the o
served PL peak energy shifts to that of the calculated ene
gap shifts indicates that the PL should not be related to
calized tail states as in conventionala-Si:H, but due to direct
recombination of excitons between the VBM and projec
CBM of extended states quantized in thea-Si well layers,
which corresponds to the direct transition between the VB

and CBM atḠ in the crystalline Si~001! ultrathin films.
~4! The experimentally observed binding energy of ex

tons~100 meV! in the Si well layers in the superlattices wit
Si layer thickness below 3 nm can be a combination of
increased Coulomb energy induced by a compression
wave functions for two-dimensional excitons and the o
caused by a reduction in dielectric constant due to confi
ment in the growth direction.

To conclude, the electronic states calculated for
Si~001! ultrathin films terminated by SiO4 species simulate
sufficiently those for the Si well layers in thea-Si/SiO2 su-
perlattices grown on~001!Si substrates by MBE.
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