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ABSTRACT

The observation d intense luminescence in Si/SIO, superlattices (SLs) has lead to new
theoreticd research onsili con-based materials. We have performed first-principles cdculations
using three SI/SIO, SL models in ader to examine the role of interfaces on the eledronic
structure and ogical properties. The first two models are derived drectly from crystaline
structures and have simple interfaces. These models have been studied using the full-patential,
li nearized-augmented-plane-wave method, in the locd-density-approximation (LDA). The
opticd absorption within the interband transition theory (excluding excitonic dfects) have been
deduced. The Si(00D)-SiO, interface structure is srown to affed strongly the optica behaviour.
Following these observations, we have cmnsidered a more redistic, fully-relaxed model. The
projedor-augmented-wave method undr the LDA is used to perform the structural relaxation
aswell as band structure and ogical cdculations. The role of confinement on the energy gap is
studied by inserting additional sili con slabs into the supercell. Dired energy gaps are observed
and the energy gap is foundto decrease with increasing silicon slab thickness as observed
experimentally. The role of the interface has been considered in more detail s by studying the
contribution to the energy gap of S atoms having different oxidation petterns; partialy
oxidized Si atoms at the interface as well as Si atoms inside the Si layer, are shown to
contribute to the transitions at the energy gap.

INTRODUCTION

Lu et al [1], and many others [2] have reported enhanced luminescencein the visible part
of the spedrum of Si/SIO, superlattices (SLs). A shift of the energy spectrum towards the blue
is observed when the thicknessof the Si layersis reduced from 6 to 2 . In contrast to paous
silicon [3], SI/SIO, SLs present the advantage of being stable, with nosignificant deaease of
the luminescence observed with time. From this experiment, it can be inferred that confinement
plays a major role on the optical enhancement of SLs. However, confinement canna explain
the whale opticd medanism. It has been olserved in experiments by Kanemitsu [4], and from
first-principles calculations performed by Kageshima [5], that the Si(001)-SiO, interfaceplays
as well, a nonnegligible role on the opticd properties of the SLs. It is worth ndicing that Si
and SIO, are both aready standard comporents of MOSFETs and aher devices where the
Si(001)-SiO, interfaceis of gred interest; opticd properties of SI(00D)/SIO, SLs and their
Si(00D)-SiO, interfaces can give insights onthe (single) MOSFET interface structure [6].



Motivated by these promising experimental observations, and to provide insight into the
microscopic physics associated with the luminescence efficiency of Si based devices, we have
carried out detailed first-principles investigations of the electronic and optical properties of
Si/SiO, SLs. The electronic-structure calculations were carried out within two approaches:. the
full-potential, linearized-augmented-plane-wave (LAPW) method implemented in the WIEN97
package [ 7] and the projector-augmented wave (PAW) approach [8] implemented in the VASP
package [9]. Determination of the optical variables, such as the dielectric function (€) and the
absorption coefficient (a), are carried out within the interband theory (excluding excitonic
effects which are important only at very small carrier densities) [10].

MODELS

Three models (and some modifications of these) are considered. The first two are
constructed by superposing the diamond-Si structure onto the 3—cristobalite SIO, (Fd3m group)
structure. They differ in the way dangling bonds are satisfied at the interfaces: the double-bond
model (DBM) proposed by Herman and Batra[11] and depicted in figure 1(a) has double Si=O
bonds at the interfaces; the bridged-oxygen model (BOM) introduced by Tit and Dharma-
wardana [12], and shown in figure 1(b), has one oxygen that bridges two Si atoms at the
interfaces, with Si-O-Si angles of 144°(as measured in silica). The resulting unit cell
dimensions are based on experimental lattice constants. The BOM has 21 atoms while the
DBM has 23.

The third model is based on a Si(001)-SiO, interface study performed by Pasquarello et al
[13]; the SL structure is obtained by applying a symmetry-rotation operation of the supercell;
this givesrise to the so-called partially relaxed structure (PRM) used by Tran, Tit and Dharma-
wardana [14]; afinal relaxation leads to the fully relaxed model (FRM). In order to assess the
effect of confinement on the energy spectrum, two additional layers of crystalline Si atoms
have been introduced in the supercell, thusvarying the thickness of the Si-slab from ~0.8nm,
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Figure 1. The three supercell models : (a) the double-bond; (b) the bridged-oxygen with a
144° Si-O-Si bridge angle at the interface; and (c) the fully relaxed (FRM1).
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Figure 2. Dielectric function (z component, or the growth axis) of the fully relaxed models.

to ~1.3 nm, and to ~1.8 nm. The SiO, thickness is ~1.6 nm in all three models. All supercells
are structurally relaxed; they are refered to, hereafter, as FRM 1, FRM2 and FRM3. Figure 1(c)
shows the FRM1 having 96 atoms (52 Si atoms and 44 O-atoms); 16 more Si atoms are added
inthe FRM2, and 16 more in the FRM 3.

RESULTS and DISCUSSION

The nature of the energy gap is direct in both the FRM2 and FRM 3, on the whole '-Z axis
of the Brillouin zone, but nearly direct for the FRM1 (with only 0.12 eV between the direct and
indirect energy gap at ). The values of the energy gaps are 0.99 eV, 0.81 eV and 0.68 eV for
the FRM 1, FRM2 and FRM3, respectively. The position of the minimum gap transition is thus
blue shifted with increasing confinement. Energy bands are dispersionless in all growth axis of
the BZ, which shows that the confinement is not due to impurity states; it is due to the quantum
nature of the electronic states, in a periodic layer. Dispersionless energy bands are as well
observed in both the DBM and the BOM. Their band gaps are nearly direct (0.86 eV for the
DBM and 1.5 eV for the BOM). However, gap states are observed in the BOM, showing that
complete relaxation of the structures are necessary to get realistic optical results, as further
discussed below. In order to get a complete picture of all possible transition probabilities,
calculation of the imaginary part of the dielectric function has been performed, using Fermi
Golden Rule and the interband approach [10]. The integration in the BZ is done by summing
over al tetrahedra[15]. Figure 2 shows the overall picture of the z component of the dielectric
function. The shift towards the blue with increasing confinement is indeed visible and for al
the FRMs, the functions slowly increase, starting from their respective band gaps, and then
remain significantly higher than that of c-Si, around 2 eV. The onset for c-Si happens only at
2.52 eV. It iswell known that the LDA and interband approaches lower the first (of two) main
peak of the dielectric function for c-Si; interacting electron-hole calculations (using e.g. the
Bethe-Salpeter equations) would capture this peak (see for instance [16]). However, such
calculations are prohibitive for the models considered here. As a result, electron-hole
interactions would enhance the effects for c-Si as well as for the FRMs and this would lead to
the same conclusion that the optical properties are higher for al the SL models as compared to
c-Si.

In order to understand the role played by the interfaces on the optical properties of the SLs,
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Figure 3. Absorption d the DBM and BOM as compared to buk Si and buk SiO,. The role of
the interface can be gpreciated from the diff erences at the onset.

we have compared the asorption coefficient of the DBM with the BOM and have considered
Si-O-Si bridging angles other that 144° at the interfaces of the BOM [seefigure 1(b)], namely:
109° and 158°. The results are summarized in figure 3. We seg first, that the onset of
absorption for the DBM and the BOM (with 1449 are quite different; we thus conclude that
absorption is ensitive to the interface chemical bonds. Second, a wmparison d the BOMs
having different interfacial Si-O-Si  bridging angles ¢ows that the distorsion d the
partially oxidized Si atoms at the interfacemodify, aswell, the optica properties [compare for
instancethe asorption d the BOM (144°) with the BOM (1099 in figure 3].

Given these observations, we undertook a detail ed analysis of the interface structure of the
FRM. Si atoms can have five possble oxidation states — if neaest-neighbous only are taken
into acount. Figure 4 shows the five tetrahedra and the crrespondng bondengths, as they
appea in the FRM1. We define the interface to be formed by all Si atoms having subaxide
bonds (Si*, Si*?, Si*%). Experiments have shown [17] that suboxide Si atoms at the Si/SiO,
interface ae dmost equally distributed —with aslightly higher distribution for the (Si*®) atoms.
The interface of the FRMs have been constructed assuming, for simplicity, an equal
distribution d the suboxde Si atoms.

The Si-O bondengths and Si-O-Si angles at the interface of the BOM have been shown to
aff ect the optica properties. Thisis confirmed by naticing that the Si-Si and Si-O bondengths

Figure 4 : Five oxidation states of Si atoms in the FRM1, cdculated from the PAW method.
The bondengths do nd differ grealy in the FRM2 and FRM3. The subaxide Si atoms (Si*,
Si*? and Si*®) define the interface
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Figure 5: s-DOS and p-DOS (in the FRM3) of one Si*! at the interface compared to Si° and
Si** atomsin the center of their respective layers (see the text).

of the suboxide Si atoms of the fully relaxed structures are greatly modified (see figure 4): the
Si-Si and Si-O bondlengths of the (Si*Y), (Si*?) and (Si*®) atoms in figure 4 depart from the Si-
Si bondlengths of (Si° being normally ~2.35R, aswell asthe Si-O bondengths of (Si**), being
normally ~1.614. Simple ®urting of the different oxidation statesin the three FRMs can
acoun for the influence of the interface on the energy gap. (Recdl that the FRM2 and FRM3
were constructed by introducing additional bulk Si layers in the FRM1 supercdl). The
propartion o Si° atoms, from the FRM1 to the FRM2 and finally to the FRM3, increases from
38.9% to 53%, and finaly to 626, respedively. Thisis, of course, related to the wmnfinement.
On the other hand, the propation d subaxide Si atoms at the interfacedecreases from 23% to
18% andfinally to 14%, respedively. Thus, the interfaces of the FRM 1 represent about a 1/4 of
the whale system, while for the FRM 3, they represent abou 1/7 of the whole system. In order
to quantify furthermore the importance of interfaces, we have determined the density of s-states
and pstates (s-DOS; p-DOS) of a Si** atom (at the interface) and compared it to the DOS of Si°
and Si** atoms in the canter of their respective layers (see figure 4 for the definition o index
SiM). We onclude from figure 5 that Si atoms at the interface (Si**) contribute to the opticd
transitions at the energy gap, as well as Si° atoms inside the sili con layer do —sincetheir s- and
p-DOS are both na-zero at the gap with similar variation d their respedive DOS.
Furthermore, Si** in the silicalayer do nd contribute to the energy gap, but still, contribute to
the @nfinement of the sili con layer. Thus, in addition to Si° atoms in the Si layer, the interface
contributes to the opticd transitions in the SLs. A quantitative evaluation d the role of
subaxide Si atoms onthe energy gap is under investigation.

CONCLUSIONS

Using first-principles cdculations, we have studied three models for the SI/SiO;
superlattices; two simple aystaline structures and ore fully relaxed structure. Direct energy
gaps in the fully relaxed models are obtained and a blue shift of the opticd resporse (the
dieledric function) with confinement is observed. The bondengths of the three partialy
oxidized Si atoms at the interface (bonded to 1,2 and 3 xygen atoms) are shown to be
modified when compared to their bulk courterparts. Interfaceatoms, as well as atoms inside the
silicon confined layer are shown to contribute to the transitions at the bandgap, and thus, to the
opticd resporse (and its blue shift).
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