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Quantum confinement effects on the electronic structure of $001) ultrathin films: Energy
shifts of optical band edges and luminescence in crystalline and amorphous Si films
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The electronic structure for @01 ultrathin films terminated by Sigspecies is calculated by the extended
Huckel-type nonorthogonal tight-binding method and compared to experimental results for amorphous
Si(a-Si)/SiG, superlattices grown of001)Si substrates by molecular beam epitdddBE) [Lockwoodet al,

Phys. Rev. Lett76, 539(1996]. A remarkable coincidence in the energy shifts of the valence band maximum
(VBM) and conduction band minimufg€BM) between the calculation and experiment strongly suggests that
the MBE-growna-Si well layers are almost crystalline and can have a CBM projected ii0®® growth
direction and a local minimum of the conduction band as in the crystallii@®$ifilms. The similarity of the
thickness dependence of observed photoluminesa@iggpeak 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 inaff& well layers as in the crystalline ®01) ultrathin

films. It is found that the binding energy of excitofi00 me\j 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.
[S0163-18299)01123-9

. INTRODUCTION (c-Si) and SiQ layers is likely to produce in-plane strain in
c-Si wells and thusc-Si/SiO, quantum wells exhibit PL
Although a large amount of work has been done on theyeak energies almost independent of Si layer thickfigss,
visible-light emission in Si quantum dots and wifethere  contrast to the PL spectra in the Si/SiO, superlattices
has been relatively little work on visible luminescence ingrown by MBE? This suggests that atomic configurations at
two-dimensional ultrathin films of Si, because of their one-the interface betweea-Si and S|Q are quite different from
dimensional quantum confinement character. However, Wen'['hose between MBE_grOWB-Si and S|Q’ resumng in dif-
defined and controllable Si nanostructures such as twoferent electronic structures at the interface and PL spectra. At
dimensional ultrathin films are required for practical present, however, detailed comparison is difficult, owing to
applications of band-gap engineering of quantum-confineghe complicated difference in nature and structure of the re-
structures that exhibit new optoelectronic phenomena thahted materials. The IRinfrared spectroscopyconfirmation
are absent in bulk Si. that the MBE grown Si well layers in tha-Si/SiO, super-
Recently, well-characterized two-dimensional Si quantumattices contain no significant amounts of hydrogenalso
wells and superlattices have been reported to provide roofinportant, because an upward shift in the optical band gap
temperature photoluminesceno@®L).”® Among others, and PL in conventionah-Si:H can be correlated to higher
Lockwood et al? have reported visible light emission from hydrogen content ira-Si:H with smaller thickness by re-
amorphous-SH-Si)/SiO, superlattices, grown o00DSi  moving deepest localized stafésor the reasons stated
substrates by molecular beam epita®yBE). They have above, the amorphous Si well layers in the MBE-grown
shown that those highly luminescent superlattices exhibia-Si/SiO, superlattices seem to be quite different in nature
clear quantum confinement shifts in the valence band maxifrom conventionah-Si or a-Si:H prepared by other methods
mum (VBM) and conduction band minimugCBM) as well  such as glow discharge decomposition of Sahd plasma
as PL peak energies with Si layer thickness. The observednhanced chemical vapor deposition.
results for PL are in striking contrast to those in conventional Very recently, tight-binding model calculations have been
a-Si:H. No shift in PL due to quantum confinement has beerdone for conventional ultrathia-Si anda-Si:H layers with
reported ina-Si:H ultrathin layers, because of the occurrencelocalized states, showing a substantial blueshift in energy
of disorder-induced localized tail states. gap due to confinement while failing to provide a definitive
The fact that both the Si well layers and Si®arrier ~ description of the experimentally observed PL energies.
layers in the Si/Si@ superlattices are amorphous is quite addition, electronic structure calculations have been per-
important, in the sense that amorphous materials are not réermed in the past foc-Si/Si0,(001) superlattice¥’ and iso-
stricted within lattice matching requirement at the interfacelated oxygen-terminated ®01) ultrathin films! by use of
in a quantum well heterostructure, in contrast to crystallindight-binding methods, though both have not described any
ones where a heterostructure must be prepared by two mateemparison of their calculated results with the experimental
rials having the same or similar lattice constants. In fact, anes for thea-Si/SiO, superlattices deposited by MBE.
large lattice mismatch at the interface between the crystal Si In the present work, the electronic structure for crystalline
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Si(001) ultrathin films terminated by SipPspecies has been H
calculated and compared to the experimental results for the Si
a-Si/SiO, superlattices grown on001)Si substrates by
MBE. The results show that the ultrathin layersae8i in the
superlattices can have the same kind of extendistocal-
ized) states as crystalline ®02) ultrathin layers and provide [130] [110]
convincing theoretical evidence for quantum confinement- @
induced luminescence due to direct transition of excitons be- 1474
tween the optical band edges of extended states iatBé :
well layers. Special emphasis is put on the analysis of energy O
shifts in the VBM and CBM and those in PL observed in the
a-Si/SiO, superlattices. It is shown that electronic state cal-
culations for the D01 ultrathin films terminated by Sip

species simulate sufficiently experimental results for the Si

well layers in thea-Si/SiO, superlattices grown ofD01)Si
substrates by MBE.

[001] [001]

II. MODEL AND CALCULATIONS

Electronic state calculations are carried out by applying J VAL
the extended FHekel-type nonorthogonal tight-binding ®)
(EHNTB) method to the crystalline &02) ultrathin films or T J

slabs. The detailed calculations of electronic structure and
oscillator strength by the EHNTB method have been de- FIG. 1. (a) Side view of the Si@terminated S001) film con-
scribed in Ref. 11. Here, we briefly describe the EHNTBfiguration. The H-terminated configuration is also presented for
method. This is a non-self-consistent method of the two-geometrical comparison. The black, shaded, and open circles denote
center approximation. The basis consists of saad thregp  the hydrogen, oxygen, and silicon atoms, respectiélyThe irre-
orbitals centered on each atom. The energy matrix elemengiicible part of the surface Brillouin zone for tti@01) film. The

are proportional to the overlap matrix elements, which aresignsI" and A, denote the zone center and the location where the
calculated using Slater-type atomic orbitals which approxi-bulk CBM occurs, respectively.

mate atomic basis orbitals. All distant-neighbor nonorthogo-

nal overlaps and interactions between basis orbitals up to tH&ates the irreducible part of the surface Brillouin z¢882)

sixth ones are included explicitly. The EHNTB parametersfor the (001) film. The signsF and Km denote the zone
for Si are determined by means of an accurate fit of the bullgenter and the location where the bulk CBM occurs, respec-
band structure calculated using 5.43 A as a lattice constant t@vely. Dispersion relations of the valence and conduction
the empirical nonlocal-pseudopotential band structure for Sipands are calculated along the symmetry directions in the
The EHNTB parameters between H and Si and between t$BZ. The energiegin eV) are referred to the VBM for Si
and H and those between O and Si and between O and O afigns. Calculated results are reported for((®i1) ultrathin

determined by fitting calculated surface electronic states ofiims with thickness ranging up to 44 Si atomic layésout
the H- and O-covered @ill) surfaces, which have been 6 nm in thickness

intensively studied, to experimental dafalt is noted that
thefEHNTB method does not use the effective mass approxi- Ill. RESULTS AND DISCUSSION
mation.

There are two surfaces on both sides of the films and the To gain insight, we first show in Fig. 2 the calculated
two-dimensional periodicity parallel to the film surface is energy dispersions of the valence and conduction band edges
preserved. In order to simulate the Si/Sithterface, the near the fundamental band gap along the symmetry direc-
films are terminated by Sipsurface species with silicon tions in the SBZ. The result calculated for a giterminated
bonded to four oxygen atoms, as shown in Fitp) Wwhere  Si(001) ultrathin film (solid lineg is compared to that for the
the H-terminated configuration is also presented for geoH-terminated onddotted line$. Here the number of Si lay-
metrical comparisofithe Si-H bond length is 1.48)ADan-  ers in the film is six for both configurations. The VBM and
gling bonds on the surface Si atoms are fully passivated bBM energies in the infinite Si bulk are shown by the hori-
oxygen atoms in this configuration. The silicon atom in thezontal dashed lines. The VBM'’s of the films for both con-

SiO, tetrahedron species on the(@J) films has topologi-  figurations appear at thE point in the SBZ. On the other

cally the same bond configuration as in SiThe Si-O bond  hand, the two bulk CBM'’s of Si along th@01] directions

length is taken as 1.64 A and the length between the tw%re projected onto the film surface and appear altpeint
adjoining oxygen atoms at the topmost layer is taken to be '

1.47 A as in the HO, molecule!? The bond angle of Si-O-Si and the other four bulk CBM's along thr00| and[010]

is taken as 180° for the sake of simpliciy. The directions occur at thé, point, as described in Ref. 11.
SiOsterminated configuration in the Si ultrathin films is According to effective mass theory, the projectiond adre
found to be sufficient to simulate the interface in theupshifted in energy by a small amount, because the heavy
a-Si/SiO, superlattices deposited by MBE. FigurélLillus- longitudinal mass controls the kinetic energy of confinement
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FIG. 2. Energy dispersion curves of the valence and conduction 0 4 8 12 16 20 24 28 32 36 40 44

band edges for the Sj@erminated SiD01) ultrathin film (solid
lines) in comparison with those for the H-terminated ofu®tted
lines). The number of Si layers in the film is 6. The VBM and CBM FIG. 3. Calculated energy shifts of the VBM and CBM&and
energies in the infinite Si bulk are shown by the horizontal dashe —
lines.

Number of Si Layers

Clihe LMCB (see the tejtat A ,, from the bulk values as a function of

the number of Si layers in the ®801) ultrathin films terminated by

SiO, specieqgopen and closed circlgsn comparison with those for

along the[001] direction, while the projections aIm are the H-terminated casesolid and dashed curvedn the CBM sec-

also upshifted in energy, but by a larger amount, becaus#on, the closed circles and solid curve dengte the CBM and the

their energies are determined by the light transverse masspen circles and dashed curve the LMCBAg{.

owing to confinement in th€001] direction. Therefore, the

energy states projected &t are lower in energy than the ©Nly by the number of Si layers, i.e., the thickness of layers
T — for the Si skeleton in the film, irrespective of the passivating

projections at,. As a result, the energy states folded ontoghecies. This is because energy states associated with Si-O or

I' form the CBM (referred to as the projected CBMind  Si-H on the surface occur far away from the fundamental

those projected ai , are expected to be a local minimum of band gap and no localized states appear around the band

the conduction banLMCB), in the S{001) ultrathin fims.  edges for both configurations.

This is the reason for the band gaps of thé081) ultrathin On the other hand, the Si@ermination tends to intensify

films being direct. The situation mentioned above can bescillator strength for the films. Figure 4 presents the calcu-

seen in Fig. 2. The VBM's and CBM's it and the LMCB's lated oscillator strength between the VBM and CBipo-

~ ' . . larization along th¢110] direction at thel” point in the SBZ
at A, of the films for both configurations are found to be . . :
shiftgd in energy from the VBMgand CBM in the Si bulk 5 2 function of the number of Si layers for the(dsil)

owing to quantum size effects, as seen in Fig. 2. We noticé"trathln films terminated by Sigon both sidegsquare} in

that, aside from some slight difference in details of disper-compﬂ'son with the H-terminated casepolarization along

sion behavior, there is little difference in energy of the VBM the[110] direction (triangles. Electronic state calculations
and CBM afl” as well as the LMCB aA, between the Si@ have been carried out for the films terminated by S0 one

and H-terminated films with the same number of Si layers. side and by H on the other side, in order to simulate partially
Figure 3 shows the calculated energy shifts of the VBMpassivated Si nanostructures. The circles in Fig. 4 show the

— resulting oscillator strengtlly polarization). Although the
and CBM atl’ and of the LMCB at\, from the bulk values  c5icyjated energy positions of the VBM, CBM, and LMCB,

as a function of the number of Si layers in the films termi- 54 thus the band gaps do not depend on the extent of pas-
nated by SiQ speciesopen and closed circlgsin compari-  gjyation by SiQ species, the oscillator strength or possible

son with the H-terminated cageolid and dashed lingsltis |yminescence intensity is enhanced by up to an order of mag-
seen that the VBM shifts down and the CBM and LMCB piyde with the increase in the amount of Si€pecies pas-

shift up from the bulk with the decrease in Si Iayerthicknesssivatmg the films, reflecting an increase in the mixing be-
reflecting quantum confinement effects. The energies of thgycen the projected CBM and the zone-center states due to
VBM, CBM, and LMCB for the film terminated by Sifare the Si-O-Si bonds on the film surfadk.

almost the same as those for the H-terminated case in all Si |, Fig. 5, the calculated energy shifts in the VBM and

films under sEdy. This means thit the energies of thg VBMCBM atT and the LMCB aid., are replotted, respectively,
and CBM atl’ and the LMCB atAr,, and thus the direct py the solid lines and the dotted line from Fig. 3, for the

(FU—FC) and indirect U',— A, band gaps for the films purpose of comparing them to the experimental regolien
under study are determined through quantum confinemerdymbols for the a-Si/SiO, superlattices deposited on
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1 the superlattices are in remarkable agreement with the calcu-

. lated curves for the crystalline films, suggesting that there is

no trace of localized band-tail states observed above the
@ VBM and those below the CBM. As clearly seen in Fig. 5,

. some of the observed points agree with the calculated curve

107 " Loe for the CBM projected af' and others coincide with that for
¢ the LMCB atA,, in the crystalline S001) ultrathin films.

107 L, This implies that there can be two kinds of minimum of the
. conduction band in the MBE-growa-Si well layers, as in
. e the crystalline S00J) films with the projected CBM and the
a Le,e o0 " m LMCB. Therefore, it is quite likely that the coregpelectrons
a L . e, in the SiL-edge x-ray measurements for theSi/SiO, su-
10° s g perlattices are excited to the CBM projected in the growth
. direction as well as to the LMCB in tha-Si well layers.
. e Obviously, more detailed measurements needs to be done for
107 =it the VBM and CBM shifts in thea-Si/SiO, superlattices, in
0 4 8121620 24_28 32 36 40 44 order to confirm the above description.
Number of Si Layers The fact that the shifts in the VBM and CBM observed in

FIG. 4. Calculated oscillator strength between the VBM andth® MBE-growna-Si/SiO, superlattices behave in the same
CBM (y polarization along th€110] direction at thel” point in the }/.\:ay as thosle calculated Lor the ;‘ryﬁtalllneé(mﬂ.) ultrathin
SBZ as a function of the number of Si layers for th€081) ultra- lims st_rongy ‘Q’.UQQEStS that both the VBM and CBM .Ob'
thin films terminated by SiQon both sidegsquaresand for those served in the S_' well layers of the MBE-grown superlattl_ces
terminated by Si@on one side and by H on the other sig#&cles, are the.sam(_a I_<|nd of e_xtendé(dblocahze()l.states. as those in
in comparison with the H-terminated casepolarization along the crystalhng Si fllms: This would be a manifestation of th_e fact
that the intermediate as well as short-range order is very
nearly the same in the MBE-growar Si and crystalline Si.

As is well known, a quantum confinement effect would not

) be expected to occur in conventiora!Si:H with large dis-

shown as a function of Si layer thicknessn) for the sake of  nm). However, quantum confinement effects on extended
comparison with the experiment. The experimental VBMstates ina-Si is expected to be similar to those in crystalline
and CBM shifts have been determined by x-ray photoelecs; as |ong as the coherence length of electron wave function
tron spectroscopy and &redge x-ray absorption Spectros- i the delocalized states is long compared to the Si film or
copy, respectively, for MBE-grown (Si/Sig superlattices el layer thickness. The latter should be the reason for the
at room temperaturelt is noted that the measured points for striking coincidence in the energy shifts of the VBM and

CBM between the experiment and calculation. The sug-

1 0-1 [ ]

Oscillator Strength

[lTO] direction (triangles. The closed and open symbols refer to
the lowest and second-lowest energy transitions, respectively.

08 gested presence of the projected CBM and the LMCB in the
. — MBE-grown a-Si layers as in the crystalline Si films would
o6} i CBM | — T be related to a recently reported assumption thatHgi:H
} s band gap is indirect, independent of local silicon bonding
04 | environments, as suggested by a model based on the interac-
s tion of electronic bands and a phonon bdhdhus, the re-
e 02}t markable coincidence between the calculation and experi-
5 ment strongly suggests that the amorphous Si well layers in
2 o0 the MBE-growna-Si/SiO, superlattices are almost crystal-
§ line and have the same growth direction as (d@1)Si sub-
“‘_02 | strate, and do not have any significant localized band-tail
| states, in contrast to the case of conventianr&i:H.
04 | Figure 6 shows the energy gap shifts from the bulk cal-
) culated for the Si@terminated S001) ultrathin films as a
06 Loelins, function of Si film thicknesgnm). The shifts in the direct
"0 1 2 3 4 5 & 7 (I',-T'c) and indirect [',-A,o) band gaps are presented by

Si Thickness (nm) the solid and dashed lines, respectively, in comparison with
- the shifts in PL peak energy from the bulk observed for the
FIG. 5. Calculated energy shifts in the VBM and CBMIaand ~ MBE-grown (Si/SiQ)g superlattices at room temperatdrk.

the LMCB (see the tejtat A,, are replotted, respectively, by the is €asily found that the calculated energy-gap shifts and the
solid lines and the dotted line from Fig. 3 as a function of Si layerobserved PL peak energy shifts are increasing in a similar
thickness(nm). The experimental results for the Si/SiO, super- ~ way with decreasing Si layer thickness below 3 nm. Further-
lattices deposited of001)Si substrates by MBHERef. 2 are pre- more, it is worth noting that the shifts in band-gap energy
sented by the open symbols. calculated by the theory are systematically larger by a certain
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1.4 ” the holes and electrons before radiative recombination deter-
ol -~ indirect mine the energy of the PL emission as in conventional
12 F 0 20l - ‘F’,'[";;k a-Si:H (~1.4 eV). In this situation, PL energy shifts due to
| L ! quantum confinement would be negligiBl&hus, judging
>10 5 :%0'6 from the experimental results for PL and their comparison
= | N with the calculated results, the PL should be based on the
508 T 2 guantization of extended states in the MBE-groaw®i lay-
8 02 ers, as insisted by Lockwoocet al,? in contrast to conven-
> 08T | TS tional a-Si:H where PL is due to localized tail states. The
8 I i Thickness (nm) electron-hole transition will then occur between optical band
w 04 r edges of the extended states, i.e., between the VBM and
CBM in the MBE-growna-Si. Although the PL peak energy
02 r - for a very large thicknes&>3 nm) in the MBE-growna- Si
A —SE=aa. well layers is 1.6 eV and is larger than that in crystalliné Si,
"% 1 2 3 4 5 & 7 the shifts in PL peak energy are independent of whether the

Si Thickness (nm) Si regions_ responsible for the light emission are amorphous
or crystalline.

FIG. 6. Calculated shifts in energy gap from the bulk for the  Finally we consider the implications of the energy differ-
SiOpterminated SD0Y ultrathin films as a function of Si film  ence(100 meV\} between the observed shifts in PL peak en-
thickneis(nnl). The solid and dashed lines show the shifts in theergy and the calculated band-gap shifts for the Si layer thick-
direct ",—I') and indirect [,— Ao band gaps, respectively. ness less than 3 nm. As mentioned above, we can assume
The photoluminescence peak energy shifts from the bulk observethat the PL is caused by direct recombination of excitons
for the MBE-grown (Si/SiQ)s superlattices at room temperature between optical band edges of extended states quantized in
(Ref. 2 are also plotted for comparison and moved up in energy bythe a-Si well layers, which corresponds to the direct transi-

100 meV in the inset. tion between the VBM and CBM af in the crystalline

Si(001) ultrathin films. Then the energy difference stated

amount than those in experimental PL peak energy. We cagove can be attributed to the binding energy of excitons
find that the experimental PL peak energy shifts which argsnfined in the ultrathin films. Here we refer to this energy

moved up by 100 meV coincide almost perfectly with the gifference of 100 meV as the experimentally observed bind-
curve for the calculated shifts in the direct band gap ahs  ing energy of excitons.
shown in the inset of Fig. 6. In addition, the increase in the On the other hand, excitonic behavior can be enhanced in
calculated energy-gap shifts with decreasing Si layer thickthe ultrathin films, because the physical separation between
ness is also consistent with that in energy shifts of the firselectron and hole is reduced in the confinement direction, as
absorption edge observed in singleSi:H ultrathin layers, a result of which the Coulomb interaction increases. This
though the confinement direction is unknown in thewill lead to an enhanced binding energy of excitons in the
experiment?® ultrathin films. In a one-dimensionally confined system such
Now we examine the mechanism of the upward shift inas Si ultrathin films, excitonic behavior should be two di-
the PL spectra observed for layer thickness below 3 nm. Amensional and the Coulomb interaction in the nonconfined
first, we can preclude the possibility that an increase in opdirections parallel to the film surface predominates in exci-
tical band gap and PL peak energy is correlated to highetonic effects. The binding energy for a purely two-
hydrogen content im-Si with decreased thickness, becausedimensional excitonflat excitor) in the ideal situation is
the MBE-growna-Si materials under consideration are hy- enhanced at most up to four times the bulk value and given
drogen fre€. Thus, another mechanism must be at work. Weby'’
consider quantum confinement as a source of the upward
shift. The clear thickness dependence of the PL spectra Eg=4R,. 1)
would be much more unambiguous signal for quantum sizg,
effects than that of the optical band gap in amorphous struc-
tures, since optical band-gap measurements are not always
adequate indicators of a quantum confinement effect for car- R
riers in a-Si:H and the interpretation of usually reported
blueshifts measured by conventional optical absorption speavhere u is the reduced mass along the film surfaeehe
troscopy ina-Si:H-related multilayers on the basis of quan- electron charge, and the dielectric constant. The reduced

ereR, is the effective Rydberg constant and

4
e
:—zﬂz 2 (2
Y 32m*hce

tum confinement is open to questith. mass along the film surface can be estimated by

As stated above, no significant localized band-tail states
are found to exist in the MBE-growa-Si from the compari- 1 1 N 1 3
son of the energy shifts in the VBM and CBM measured n o me my ©

using x-ray techniques with the calculated counterparts in the —
crystalline Si ultrathin films. If significant localized states areHere, we consider an electron lying in the CBMIatpro-
located in band tails near the VBM and/or CBM, photoex-jected along th¢001] directions and thusn, is taken to be
cited carriers quickly thermalize down to the band tails.the experimental transverse effective mass of electron in Si
Then, the lowest energy states in the band tails reached Bndm,=0.19m; wherem, is the mass of free electron. On
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the other handm, at the VBM is taken as 0.%4, which is  ultrathin films terminated by SiQspecies and on the corre-
the bulk effective mass for heavy hole in Si. The resultinglation of the observed PL spectra and the calculated band
reduced mass along the film surfaceuis- 0.14mj. gaps. The results are summarized as follows.

When we take the dielectric constantor the Si ultrathin (1) Although the calculated energy positions of the VBM,
films to be 11.4 as in Si bulk, the calculated binding energyCBM, and LMCB and thus the calculated band gaps do not
Eg is 58 meV, which is much smaller than the experimen-depend on the species terminating the Si films under study
tally observed one. On the other hand, electrostatic screenirigpr on the extent of the passivation of the films by SiO
in semiconductor nanostructures is expected to be differerftPecies, the calculated oscillator strength is enhanced by fac-
from its bulk counterpart. Theoretical studies on the dielectors of up to 10 with the increase in the amount of SiO
tric constant in quantum confined systems have shown th&P€cies passivating the Si films. ,
significant drops in dielectric constant take plat&® The (2) The remarkable coincidence in the energy shifts of the
reduction in dielectric constant will lead to an increase in the?BM and CBM between the calculation and experiment
binding energy of excitons. If we assume that the value of"oNgly suggests that the Si well layers in the MBE-grown

Eg in Eq. (1) is equal to 100 meV, the experimentally ob- a-Si/SiO, superlattices are almost crystalline and can have

served binding energy of excitons, then the resulting dieIeCJEhe CBM projected in the same growth direction as in the

tric constante is estimated to be 8.72. This value for the (OODSI substrates and the LMCB as in the crystalline

dielectric constant in the Si ultrathin films is in reasonabIeSi(OoD films_. S .
agreement in order of magnitude with the value of 8.18 for (3) The similarity of the thickness dependence of the ob-

the dielectric constant in a Si quantum dot with 3 nm inserved PL peak energy shifts to that of the calculated energy-

diameter® Thus, we can say that the experimentally ob-92P shifts indicates that the PL should not be related to lo-

- - ) . . calized tail states as in conventioalSi:H, but due to direct
served binding energy of excitons in the Si well layers in the

. i . . . recombination of excitons between the VBM and projected
a-Si/SiO, superlattices with the Si layer thickness below 3CBM of extended states quantized in theSi well layers,

nm is a combination of _the increased Coulqmb ENergy Myyhich corresponds to the direct transition between the VBM
duced by a compression of wave functions for two- —

dimensional excitons and the one caused by a reduction iand CBM atI in the crystalline S001) ultrathin films.

dielectric screening due to confinement. (4) The experimentally observed binding energy of exci-
tons(100 meV in the Si well layers in the superlattices with
IV. CONCLUSIONS Si layer thickness below 3 nm can be a combination of the

increased Coulomb energy induced by a compression of

The electronic structure for the crystalling(@1) ultra-  wave functions for two-dimensional excitons and the one
thin films terminated by Si@species has been calculated by caused by a reduction in dielectric constant due to confine-
the EHNTB method and compared to the experimental rement in the growth direction.
sults for thea-Si/SiO, superlattices grown o001)Si sub- To conclude, the electronic states calculated for the
strates by MBE. Special emphasis has been put on the sim&i(001) ultrathin films terminated by SiPspecies simulate
larity of energy shifts in the VBM and CBM between the Si sufficiently those for the Si well layers in tte Si/SiO, su-
well layers in the superlattices and the crystallin€081) perlattices grown o1i001)Si substrates by MBE.
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