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Gap Opening in Ultrathin Si Layers: Role of Con6ned and Interface States
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We present first principle calculations of ultrathin silicon (111) layers embedded in CaF2, a
lattice matched insulator. Our all electron calculation allows a check of the quantum confinement
hypothesis for the Si band gap opening as a function of thickness. We Gnd that the gap opening is
mostly due to the valence band while the lowest conduction band states shift very modestly due to
their pronounced interface character. The latter states are very sensitive to the sample design. We
suggest that a quasidirect band gap can be achieved by stacking Si layers of diferent thickness.

PACS numbers: 68.35.-p, 68.65.+g, 71.25.Tn, 73.20.Dx

The observation of bright, visible light emission from
porous Si [1] has stimulated a wealth of experimental

[2] and theoretical work [3—12] to understand both the
energy shift and the increased efficiency of luminescence
in porous Si and in laterally confined Si structures, with
respect to bulk Si. Bulk Si has a 1.1 eV indirect gap
resulting in luminescence in the near infrared with very
low efficiency.

All theoretical approaches, ranging from effective mass

[3] to tight binding [4—7] to ab initio local density approx-
imation (LDA) treatments [8—12], give a qualitative ac-
count of the shift of the band gap from the near infrared

to, and beyond, the visible range as due to confinement
and an enhancement of the dipole matrix element for ra-

diative transitions resulting from the better overlap of
confined wave functions. However, a complete under-

standing of the problem is far from being reached. In
particular, the recent observation of phonon satellites in

the photoluminescence of porous silicon [13]questions the
hypothesis of a direct gap as the origin of the increased
luminescence efficienc.

The main problem for a quantitative description of
porous Si is the still not characterized microscopic struc-
ture and shape of the crystallites. This is why we have

chosen to address the problem of Si crystallites embedded
in CaF2, as prototype of a Si-based system with known

microscopic structure [14—17] for which evidence of visi-

ble luminescence has been claimed [18]. We show that the
energy spectrum of Si layers is affected both by confine-

ment, yielding a blueshift of the gap, and by hybridiza-
tion eKects with the saturating agent, be it the Ca atoms
in our case and H or 0 in porous silicon, leading to a
high joint density of states all over the Brillouin zone

(BZ). By use of a new procedure, we are able to assign
the blueshift of the Si gap in the CaF2/Si/CaF2 system
mostly to the valence band. Our results are compatible
with the observation of visible luminescence in this sys-
tem, since the band gap energy is found to increase for
decreasing Si thickness. Moreover, we suggest that the
band gap can be made quasidirect by stacking, in the
CaF~ matrix, Si layers of diferent thickness.

We present first principle calculations, performed by
the linear muffin-tin orbital method in the atomic-sphere
approximation (LMTO-ASA) within the LDA, of the
band structure of thin [1—7 double layers (DI.)] Si(ill)
slabs embedded in CaFs. The LMTO-ASA method cor-
rectly describes the Si/CaFs interface properties [19,20].
Because of the LDA we underestimate the energy gap:
we obtain 0.56 and 6.96 eV instead of 1.1 and 12.1 eV
for bulk Si and CaF2, respectively.

Crystalline CaFs and Si have similar fcc structures,
with a room temperature lattice mismatch of 0.6'%%up.

High quality epitaxial fluoride layers can be grown on
Si(111) [14,15]; in the reverse process, Si on CaFz, the
natural growth mode would be island formation. This
difficulty can be overcome by electron irradiation [15] or
by low temperature Si deposition followed by thermal
treatment in order to recrystallize it [21]. The interface
structure is shown in Fig. 1. The first monolayer of CaF2
loses half of its fluorine atoms leading to a Ca-Si bond
at the interface. The interface Ca atoms occupy the T@

sites, the triangular filled sites on top of the second layer
Si atoms, while the F atoms are located on the Hs sites,
the triangular hollow sites on top of the fourth layer Si
atoms.

FIG. 1. Structural model for the CaFq-Si-CaFq system; 1

DL is indicated.
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We use supercells formed by thin Si layers of variable
thickness and by CaF2 layers large enough to make the
central CaF2 planes exhibit bulklike properties. We use

throughout the lattice constant of CaF2 (a = 5.462 A)
except for the interlayer Si-Ca distance, which is taken
to be 2.36 A., as determined by x-ray standing waves ex-
periments [16], 0.1 A longer than the one estimated by
medium energy ion scattering [17]. The theoretical
results are not significantly affected by such a difFer-

ence [20].
The LMTO-ASA applied to the Si/CaFz system al-

lows one to compare on a single energy scale the band
structure calculated for different Si thicknesses, since the
2s core level of the central fluorine atom can be used as
reference energy. In the following, we will justify the as-

sumption that the fluorine 2s core level remain at the
same energy for all Si layer thicknesses. As shown in

Fig. 2, this procedure allows one to follow separately
the shift of the conduction and valence bands in going
from 7 to 1 DL. The band structure, in the energy region
around the gap, is displayed along the I'-M direction of
the hexagonal two-dimensional BZ of the (111) surface,
i.e. , the direction where the bulk I'-X direction, where
the minimum of the Si conduction band occurs, is now

projected.
It can be seen that the gap opening is dominated by the

Si valence band, which shifts to lower energies for thinner
layers. Therefore, quantum confinement of the valence
band accounts for the greatest part of the blueshift of
the gap. In particular, the energy shift with layer thick-
ness compares very well with that calculated within the
effective mass theory, by taking the heavy hole mass as

0.281mo for bulk Si, 0.3mo for CaF2, and a valence band
offset of 6 eV, values estimated from LMTO calculations.

The lowest conduction band level, instead, is domi-
nated by hybridization effects. It is mostly localized at
the Si-Ca interface and therefore it is much flatter than
the bulk conduction band and rather insensitive to the
Si thickness. The presence of this interface state has the
interesting consequence of keeping the growth of the gap
limited to much lower energies than expected from com-
plete quantum confinement as in the case of H-saturated
Si structures [8]. This state represents the antibonding
state due to the Si-Ca bond: its bonding partner is buried
in the Si valence band for the thicker layers and emerges,
for thinner layers, from the Si valence band to become the
highest occupied level. In particular, at F, the bonding
interface state has an upward curvature, since it results
from hybridization of the s-d states of the interface Ca
atoms (which constitute the conduction band of CaF2)
with the valence p states of Si. It should be noted that
the Si-Ca bond at the interface is somewhat intermedi-
ate between the covalent Si-Si bond and the ionic Ca-
F bond. Therefore, the bonding-antibonding states are
not removed from the gap as in the case of H-saturated
Si structures. The H-Si bond, being mostly covalent,
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FIG. 2. Band structures along the I'-M symmetry direction
of the two-dimensional hexagonal (111)BZ on a single energy

scale for 1, 2, 4, and 7 DL Si in CaF2 (see text). The band

gap opening is dominated by the confinement induced shift of
the valence band of Si evidenced by dots.

gives rise instead to a larger bonding-antibonding energy
separation and pushes the interface states inside the Si
valence band and above the conduction band minimum

[8—12,22,23].
In order to prove that the new procedure followed to

attribute the blueshift of the band gap to quantum con-

finement of the valence band is appropriate, we compare,
in Fig. 3, the band structure calculated for 2 and 4 DL
with that obtained by performing a calculation of a su-

percell containing both 2 and 4 DL of Si separated by
CaF2 [24]. In order to help identify the levels we have

also shown the amount of s and p wave function located
on the inner Si plane for the 2 DL [Fig. 3(a)] and for

the 4 DL [Fig. 3(b)]. The calculation for the compos-
ite sample containing both 2 and 4 DL is shown twice,
reporting the amount of wave function located on the
inner Si plane of the 2 and 4 DL [Figs. 3(c) and 3(d),
respectively]. It can be seen, by comparing the latter two

figures, that the topmost double degenerate valence state
of the composite sample is localized in the 4 DL [note also

the resemblance of the composition and dispersion of this
state with the related one in Fig. 3(b)] while the succes-

sive one is localized in the 2 DL [see also Fig. 3(a)]. The
energy separation between these two states is exactly the
same as that obtained (and shown in Fig. 2) by aligning

the fluorine 2s core level.
The position of the interface states in the composite

sample, conversely, is not simply the superposition of
those of the 2 DL and 4 DL; as a consequence, for the
composite sample, the minimum direct gap becomes only
0.23 eV higher than the indirect one, and occurs at the
I' point.

In order to understand why, in Fig. 3 we have also plot-
ted the dispersion along the (111)direction Z orthogonal
to the interfaces. The Ca-Si bonding-antibonding inter-
face states have a Gnite dispersion along this direction,
contrary to those related to the Si valence band which are
completely flat due to their confined character. Further
evidence of the localization around the interface of these
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FIG. 3. Band structure projected along two symmetry directions of the hexagonal two-dimensional BZ of the (111) surface
(1'-M and I'-K reaching out one corner and the middle of one side of the hexagon, respectively) and along the (111)direction
perpendicular to the surface BZ, indicated as Z. (a) For 2 DL Si in CaF2, the dimension of dots and triangles show, respectively,
the amount of the s and p components of the wave function located on the inner Si plane; (b) as in panel (a) for 4 DL Si in
CaF2, (c) for the 2 + 4 DL composite sample showing the amount of wave function located on the inner Si plane of the 2 DL;
(d) as in panel (c) for the inner Si plane of the 4 DL. Energies (in eV) are referred to the valence band maximum.

states, and of the confined nature of the state related to
the bulk valence band, comes from the calculated wave
function at the I' point plotted along the growth direc-
tion Z shown in Fig. 4. This figure shows, furthermore,
that away from the extremal points, the interface states
are, strictly speaking, resonant states whence their large
spread away from the interface. This makes that only
for very thick CaF2 layers, not accessible by our calcu-
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FIG. 4. Squared amplitude of the wave function along the
(111)growth direction. The dots indicate the position of the
Si planes. The envelope is obtained by dressing the squared
amplitude of the wave function on each plane (indicated by
the vertical bars) with a Gaussian, two interplane spacing
wide. Top panels: double degenerate top valence state y,t I'
for 1, 2, and 4 DL Si in CaFq, note the confined character.
Middle panels: same for the upper valence interface state at
I'; this state is spread over both the Si layer and the interface.
Lower panels: same for the lowest conduction state at I', note
the pronounced interface character.

lation, the interface states of the 2 and 4 DL can be de-
coupled. The coupling due to the finite CaFz thickness
leads, as anticipated, to a conduction state at I' only 0.23
eV higher than the minimum occurring at the M point,
i.e., leads to a quasidirect band structure. The position
of this interface state can be further lowered by choosing
thinner CaF2 layers. We do not pursue this line at this
stage but we suggest that by carefully choosing the thick-
ness and the stacking of Si and CaF2 layers a new, strong
contribution to radiative recombination comes into play.
In fact, the transition at I' from the lowest interface state
to the uppermost valence band is dipole allowed, due to
the s character of the Ca-derived interface state and p
character of the Si-derived state (see also Figs. 3 and 5),
and has a finite spatial overlap due to the penetration of
the resonant interface state into the Si layer

For completeness we show in Fig. 5 the localization of
the energy level for the 4 DL on the interfacial Si and
Ca planes. It can be seen that, while around I' the inter-
face states are mostly localized on the Ca atoms, at finite
wave vectors the weight is almost completely on the in-

terfacial Si planes. The empty and 6lled interface states
run parallel to each other resulting in a high joint density
of states. By looking at the s and p composition of the
states around the gap, shown in Figs. 5 and 3, one can
see that there are a weahh of dipole allowed transitions
both at I' and at 6nite mave vectors.

In conclusion, @re have calculated the electronic proper-
ties of thin Si(111)slabs in CaFs, a system which, due to
its well characterised structure, is an ideal testing ground
for experimental and theoretical comparisons. We have
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FIG. 5. Band structure as in Fig. 3 for 4 DL Si in CaF2.
(a) The dimension of dots and triangles show, respectively,
the amount of the 8 and p components of the wave function
located on the interface Si plane; (b) as in panel (a) for the
interface Ca plane.

shown that confinement of the valence band dominates
the Si band gap opening, while Si-Ca hybridization effects
lead to dipole allowed optical transition all over the BZ.
In analogy to p-Si [7,10,12,13] the variety of possible low

energy interband transitions might lead to visible radia-
tive recombination. Furthermore, we have shown that
a quasidirect band gap may be achieved for structures
composed of Si layers of difFerent thicknesses. A calcula-
tion of dipole matrix elements for optical transitions is in
progress. We hope that our results will stimulate further

experimental work on this system.
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