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Optical properties of structurally relaxed Si/SiO, superlattices: The role of bonding
at interfaces
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We have constructed microscopic, structurally relaxed atomistic models of Sis8jg@rlattices. The struc-
tural distortion and oxidation-state characteristics of the interface Si atoms are examined in detail. The role
played by the interface Si suboxides in raising the band gap and producing dispersionless energy bands is
established. The suboxide atoms are shown to generate an abrupt interface layer about 1.60 A thick. Band
structure and optical-absorption calculations at the Fermi golden rule level are used to demonstrate that
increasing confinement leads @ direct band gapgb) a blue shift in the spectrum, arid) an enhancement
of the absorption intensity in the threshold-energy region. Some aspects of this behavior appear not only in the
symmetry direction associated with the superlattice axis, but also in the orthogonal plane directions. We
conclude that, in contrast to Si/Ge, Si/SiBuperlattices show clear optical enhancement and a shift of the
optical spectrum into the region useful for many opto-electronic applications.
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[. INTRODUCTION Silicon-based structures have many advantages over
structures made of other semiconductors: low ¢astcom-
The initial interest in light-emitting Si-based nanostruc- pared to any of the IlI-V’s or 1I-VI compoungisnontoxic-
tures has lead to a number of important experiments estality, practically unlimited availability(in contrast to germa-
lishing that Si/SiQ superlattices(SL's) show enhanced, nium), and benefits from decades of experience in
blueshifted luminescence® While the luminescence pattern purification, growth, and device fabrication. However, the
is more complex in these systems than in others, the blueshiiihdirect energy gap 1.1 eV) in bulk crystalline silicon
was found to correlate with decreasing Si-layer thickness(c-Si) makes it unsuitable for optoelectronic applications.
This simple relation between the silicon-layer thickness andilica (SiG,) is another key material of the microelectronics
the luminescence peak is of great interest for applicationindustry; it has a bandgap ef9 eV. Optical-fiber technolo-
such as Si-based light-emitting diodéSi LED's). All re- gies and metal-oxide-semiconductor field-effect transistors
ported SL energy peaks are in the lower part of the visiblgMOSFETS are based orthigh-quality silica. Molecular-
spectrum—the highest reported value being 2.3840 nn),  beam epitaxy and chemical vapor deposition provide the
i.e., greert, and the lowest 1.2 e¥1030 nm, in the near needed growth technology for Si and $idk is possible to
infrared regior®. These SLs are really multiple Si quantum combine crystalline silicom*~*%and SiQ to produce struc-
wells (MQW's), the silicon oxide layers playing the role of tured materials having chemically pure, sharp, defect-free in-
barriers. The thickness of the Si quantum wells;, is the  terfaces. The degree of advancement of the fabrication tech-
critical parameter. A fixed s; would simply set the color of nology is such that the enhanced luminescence in Sy SiO
the Si-LED, while MQW’s with a range df 5; would span a  SLs cannot be explained only in terms of def@asd/or
range of colors in the luminescence. residual hydrogen atoms filling unsaturated Si dangling
Other systems containing confined silicon structuresoonds—the latter being referred to asP,-type

(besides MQW’s are, e.g., porous Siconsisting of quasi centers’—located at the SL interfaces, as in the well-
one-dimensional structure$® silicon nanoclusters in SiD  understood enhanced luminescence of hydrogerasid
matrices’ nanocrystal® or dislocation loops, and quantum-  The objective of the present article is to consider the de-
dot structures made from implantation of botbor other  tailed microscopic structure of the Si¢5i/SiO, double in-
ions1? The choice of a particular structure, e.g., for Si-LED terface structure and provide a first-principles understanding
applications, depends on many factors: stability over timepf the emission of light from Si/SiQSL’s. Only a few ato-
optical efficiency at room temperature, experimental repromistic density functional theory(DFT) calculations on
ductiveness, facility to accepi or p-type dopantge.g., for ~ Si/SiO, SL's have been reportéd-2®> Many more would
n-p junctiong, ease of incorporation in ultra-large-scale- have been available were it not of tkeaturally occurring
integration technology, and production costs. SilSE)'s  amorphous structure of SEOAmorphous structures require
are stable structures, as opposed to porous Si. In addition, ti@ge supercells to get physically relevant results. Another
silicon layer thicknesses in SLs are directly related to theémportant issue is the need to model the Si/SiQerface so
energy peaks in the Si/Sjduminescence spectra. This is as to correctly incorporate the known experimental details.
not straighforward in porous silicon, Si clusters or nanocrys-Recent core-level shift measureméfrovide details of the
tals, where pore dimensions as well as hydrogen concentrauboxide(partially oxidized Si atoms> Further, the abrupt-
tions play an uncontrolled role on the energy shif. ness of the Si/Si@interface has been established from trans-
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mission electronic microscodif EM) experiments; values of relaxed modelfFRM'’s) discussed in the present work are
the interface width as lowsa5 A have been reportéd® based on this PRM.

Based on these observations, realistic SitSiterface mod- The results presented here go beyond the TB approach
els have been designed by several workéfé-3'Suboxide ~and were obtained within the projector-augmented-wave
Si atoms in most of these models are distributed within threéPAW) theoretical framework. A brief description of the
atomic layers of the Si/SiQinterface, corresponding to the theory is given in Sec. IIl. The SL models were all structur-
lowest experimental interface thickness. Such interface mocg!ly relaxed, and contain no hydrogen atoms at the interfaces.
els are needed for first-principles modeling of MOSFET’s,The interface suboxide Si atoms observed in experifient

and for SL structures, wheraultiple Si/SiO, interfaces are arise naturally in the model. Calculations were carried out
present ' for different Si-layer thicknesses, in order to assess the effect

An early (and tractableSi/SiO, interface model was pro- gfu colr;méerr]?aernt rr?cr: dérI]se hzl\z:tg;rgg (i)nndstﬂz[tlggl topr((:)lgﬁg/leti.e
posed by Herman and BaffaThe large lattice mismatch bp y

. . . role of the suboxide atoms on the SL optical properties. We
between Si@ and Si was accommodated by setting the LboX plical propert

. . . . ! , i first review the theoretical methodSec. 1), then focus on
p-cristobalite SiQ unit cell diagonally on the diamondlike 4 four central issues needed to understand the Si/BIO

¢-Si unit cell. An oxygen atom was included in the interface pinescence properties: construction of realistic interface
to saturate the dangling bonds, resulting in a crystallingnggels(Sec. Ill), quantum confinemeri8ec. IV), role of the
model of the interface. Another simple crystalline model,sypoxide atomsSec. ), and optical effects associated with
involving a bridge oxygen at the interface, was introduced byincreased confinemetiSec. V). Our study thus provides a
Tit and Dharma-wardarié. These models were studied using complete, microscopic picture of the luminescence properties
a variety of methods—tight-binding techniq(®B),>>**full-  of Si/SiO, SLs.

potential, linear-muffin-tin-orbitals technique

(FP-LMTO),?%?*and linearized-augmented-plane-wave tech- Il. COMPUTATIONAL DETAILS

nique (FP-LAPW).?? The dispersionless character of the _ _ .

band structure in the growth axis has been confirmed within 1he €léctronic-structure calculations were car3r6|ed out us-
all three theoretical approaches, thus demonstrating the exilld the Viennaab initio simulation packagévasp)™ using
tence of strong confinement. However, the nature of the erfne ‘frozen-core” PAW appro?%cﬁ. The overall framework
ergy gap—from both LMTO and LAPW calculations—is "> density-functional theoﬁfio (DFT) within the local-

still indirect. Furthermore, these crystalline models show thafjens‘Ity approximatioiLDA).

. . . . The frozen-core PAW is a simpler form of the general
the light absorption is quite dependent on the details of bond- . 1 41 D s :
ing and interface structurdond lengths, angles, and chemi- PAW method infroduced by Bihl.™ Blochl's method is an

cal species emphasizing the need fonore realisti¢ struc- extension of the usual LAP# approach. Hence, the PAW
b P 2 9 ¢ method formally bridges the LAPW to the ultrasoft pseudo-
turally relaxedmodels?

Several structurally relaxed models have been investipOtemi"’US(US'PB in order to combine the precision of the

gated by Kageshima and Shiraishi using first-principle former and the rapidityfor larger systemsof the latter. The

methods. Their models were constructed starting frorTS1PAW method has another advantage over the usual imple-

p-cristobalite as well as-quartz SiQ layers superposed mentation of US-PP, essential for optical calculations: It

onto c-Si layers with different possibilities for the Si/SjO avoids correcting for spatial nonlocallty effects in typical
interface(such as hydrogen atoms at dangling boridshe pseudopotentials when evaluating the momentum opepator

atomic sites were then structurally relaxed. The calculationsl,: urther details can be found in the article of Adojphal™
y ) Matrix elements of the momentum operafoare needed

indicate that the energy gaps are indeed direct, and that in- o . :
terfacial Si—OH bonds are possible candidates for the Iightrfor calculating interband optical effects. We describe the

emitting enhancement in SLs. However, the models are napain steps that lead to the calculation of the absorption co-

consistent with the observed suboxide Si atomic distributions?fﬂuent’ starting from PAW solutions of the Kohn-Sham

at the S{001)/SiO, interfaces. For instance, no Si atoms equations. The PAW approach rests on the following linear

bonded to three oxygens are present. Tit anqtransformatlon:
Dharma-wardand have constructed a partially relaxed ~ ~
P y |\PN>=|\PN>+Z (|pn) — | D)) (Pil W)

model (PRM) starting from a structurally relaxed (8D1)/
SiO, interface structure due to Pasquarello, Hybertsen, an‘ilhis relates thecalculated pseudo wave functiodﬁ’N) to
the (now correctedl all-electron wave functio¥y). The

Car (PHC).?’ This interface model contains all three subox-
ide Si atomic species. Hydrogen atoms were used by PHC fAdex specifies the atomic site, angular momentum numbers
and reference energy. The two functidigs,) and|¢y) are,

terminate the surface. In the Tit—Dharma-wardana model, the
respectively, the pseudo-wave-function, and all-electron

H atoms were removed and the Si/giterface structure
was converted into a SidSi/SiO, double interface SL ’

structure while preserving local tetrahedral bonding to obtaifVave function of a reference atom. They are Iorced to over-
the PRM structure. Within the TB approach, the energy gapP outside a given core region. The functidps) are the

of the PRM was shown to be direct and enhancement of therojector functions characteristic of the PAW method. Thus,
optical absorption(as compared t@-Si) was confirmed®  the three functionspy),|én), and|p;) constitute the frozen-
This is further described in the next section, since the fullycore PAW data, being set prior to self-consistent field calcu-
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lations. The projector function;) are constructed so as to Of the Bethe-Salpeter equation. The size of our systems pro-

remain dual to the pseudo wave functions, to fulfill general-hibits such complete optical calculations, which are feasible

ized orthogonality constraints and to remé&pproximately ~ only for very small systemé& few atoms These additional

complete(see Ref. 43 for full definitions effects would enhance the results from interband transitions
The application of the above linear transformation to anysincee-h interactions generally increase the absorption at the

operatorA within the PAW approach has been described byOl’ISGt‘-16

Blochl [cf. Eq. (11) of Ref. 41]. If A is the momentum op-

eratorp (in a certain direction defined by the polarization
vectol), we have ll. CONSTRUCTION OF THE STRUCTURAL MODELS

_ ~ - Recent core-level shift experime?ﬂmave revealed the
(‘IfN|p|\PM>:<‘lfN|p|‘lfM)+Z (¥n|pi)((ilpl o)) presence of all possible states oxidation for Si atoms in
b Si/Si0, structures such as SLs, that is"Si where n
~ T =0,1,2,3,4 is the charge found within each Si Wigner-Seitz
~(@ilpl ¢l ¥m)- sphere. Siand St* are the charge states of Si found in bulk
The imaginary part of the dielectric functior;, can be Si and bulk SiQ. The suboxide(subQ Si atoms withn
determined by using the Fermi golden rule within the Cou-=1,2,3 are found at the interface. Slightly larger distribu-

lomb gauge; the expression becofffes tions for the subO Si" densities, as compared to those for
) - Sit™ and St*, were reported in these experiments. Micro-
a(B)= < 2d°k W Pl W) 2 scopic Si/SiQ interface models should be consistent with
i E2 ik Jez(2m)3 N M experiments in closely reproducing the density distributions
of all subO Si atoms.
Xfn(1—Tfy)S(EN—Em—E), As mentioned above, the Si/SIGL model structures dis-

cussed in the present article are based on tl@0%Hi/SiO,
interface structures obtained by PECwho used the Car-
IParrinello method to relax the models to their energy
minima. It is important to note that the PHC models weot
designed for the double interface structure found in

to the conduction band staf@ ) to occur. . S ; . o
The tetrahedron meth8tlis used to evaluate;(E). The S'QZ/S'/S'QZ SLS.bUt' rather, for 6_‘ S'F‘g'_e Si/SiOnterface .
which terminates into the vacuum; this is done by saturating

joint density of states, which determ_lnes the |_nterband tranaangling bonds with H atoms. Thus, these modtssfacto
sitions 6(Ey—Ey—E) and the optical matrix elements

(W bl W), are computed on each tetrahediae., 1/4 contain the essential details of atomic positions and charge

X the sum of the matrix elements on the four corners of eu’:xcl%tates at the Si/SiQinterface.
tetrahedron The real parte, is then obtained using the Tit and Dharma-wardariahave generated a Si/SiGsL

Kramers-Kronig relatiot* Since the dielectric function is structure starting from one of the PHC models that contains
the square of the complex refractive index, £1¢) = (n, an equal dlstrlbutlo_n of the _three sut_)O atoms, {almost
+iny)2, the absorption coefficient becomes complete accord _Wlth experiment. T_hls SL model has been
Vo constructed by first operating a mirror transformation and
E (2+ €2) 12— ¢, |12 then a partial rotation of the Si/SjGsection of the relaxed
a(E)=4ani=4wh—C I S— interface structure, leading to an intermediate Si/SiMir-
ror] SiO,/Si SL structure. Second, some of the Si layers
with ¢ the speed of light in vacuunh, Planck’s constant, and were inverted in order to meet thep>-bonding topology.
E the photon energy. The resulting Si/Si@ SL's structure, fully described in the
Electron-hole é-h, excitonig interactions were not in- article of Tit and Dharma-wardart4 has the following final
cluded in the calculations, as they would be in, say, solutionsonfiguration:

where k=2me/m. The functionf,, is the Fermi distribution
and (¥|p|¥,,) are the PAW matrix elements. The whole
expression corresponds to the probability per unit volume fo
a transition of an electron from the valence band stétg)

E

Si+4 Si+4
—t—— 1 ———
[0]C’OD’0O A’OB’ C'D ABC' D'OA’ OB'OC’

N—— —_— ——

Siti03 Sig Sivi03

The connection between the symbols in this configuratiodayers that depart from the diamondlike-Si crystalline ar-
and the specific atomic layers in the model is shown in Figrangement, anfO] corresponds to the layer where the mirror
1. The lettersA,B,C, and D correspond to silicon atomic operation has been performdsl. andD’ are the Si layers
layers, while theO’s are oxygen layers. The primes denote which have been inverted in order to Satisfy ##-bonding
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0] FIG. 2. Evolution of the Si—O and Si—Si bond lengths fréan
C | ¢ the PRM construction by Tit and Dharma-wardana(kpthe fully
relaxed structuréFRM1) described in the text.
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. centered around the expected values, viz].61 A for

FIG. 1. The unit cel o the fully relaxed SLmodgiRM1). The S0 S0 T T8 T ERs 0 Mo e boxes in Fig.
configuration of the bulklike and suboxide Si atomic planes is also R . . .
depicted. The white and black circles are, respectively, the position are the distributions of the mtqfa_ce s_ubO Si atoms, Wh.”e
of Si and O atoms. the empty boxes are the total distribution bond lengths, in-

cluding subO Si atoms; the shaded boxes remain relatively

unchanged upon relaxation since both interfaces were al-
topology. The subO 8f atoms, withn=1,2,3, are distrib- ready at their energy minimum, after PHC. The main atomic
uted within only two Si layers, while the Satoms are dis-  drift during relaxation occurs in the center of the Si and SiO
tributed within five atomic layers. The embryonic PHC inter- layers, i.e., near thgD] and theA layer of the configuration
face model corresponds roughly to one side of the aboveiscussed above. Interfacial Si—O bond lengths of all subO
configuration, starting from the arrow up to the right. Si atoms depart from the values of*Siin the SiG layer.

Of course, this construction induces artificial symmetriesThe broadening of the Si—Si bond lengths is in general much
in the middle of the Si@ layer (more precisely, upon and larger than that of Si—O; the distortion of the bond lengths
around thg O] layen; this model is thus in essengartially  are thus mainly within the Si layer and at the Si/Si@ter-
relaxed—the PRM referred to earlier. Significant informationface, i.e., not inside the silica layer. This is further discussed
on the electronic and optical properties of this model havebelow. The resulting FRML1 is shown in Fig. 1.
been extracted, within the TB approach, by Tit and Additional models having thicker Si wells were con-
Dharma-wardan&? who obtained direct energy gaps as well structed in order to examine the role of subO Si layers and
as dispersionless band structures. Furthermore, the imaginatiye effect of confinement on the electronic and optical prop-
part of the dielectric function was calculated, and then theerties. As noted earlier, the FRM1 structure contains approxi-
absorption coefficient was deduced. From this calculationmately one unit cell of confined Si, i.e., the set of layers with
enhancement of absorption as well as blueshift with confineeharge state 8i(bulklike Si). By inserting one, then two,
ment have been demonstraf&d. additional ABCD Si atomic planedi.e., one Si unit cell,

The next obvious step is to relax the PRM, i.e., determinehickness 5.43 A and relaxing all atoms, we generated two
the set of positions which leads, via the Hellman-Feynmaradditional models—FRM2 and FRM3. The FRM2 contains
forces, to the lowest total energy. We have used the PAV68 Si atoms while the FRM3 has 84 Si atoms; both have 44
approach described in the previous section to obtain a firsbxygen atoms, as in the FRM1. Th&al energy variation for
fully relaxed model(FRM1), which contains approximately the FRM2 during relaxation was found to be only 0.15 eV
one unit cell of confined Si. The supercell contains 52 Si andi.e., 0.0013 eV/atomwhile for the FRM3, this change is a
44 O atoms, and has dimensions 7.875675x 24.621 &, minuscule 0.051 eVi.e., 0.00040 eV/atom These numbers
The relaxation procedure has been performed with Kve imply that both FRM2 and FRM3 have essentially crystalline
points in the reduced Brillouin zon@Z). The energy cutoff ~ Si layers. The FRM2 has nine %Satomic planes while the
was 25.96 Ry in all calculations. The total energy was found=RM3 has thirteen.
to decrease by 30.84 ei0.32 eV per atomduring relax- Figure 3 shows the distributions of the Si—Si bond lengths
ation. Figure 2 shows the bondlength distributions befordn the FRM3, starting from the &01)/SiO, interfaces(at
(PRM) and after(FRM1) relaxation; the bond lengths are the bottom of Fig. 3 and going towards the center of the
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FIG. 3. Si—Si bond length distribution in the FRM3, from the
interface(bottom of figure towards the centetop of figure of the
Si layer. (There are thirteen 3ilayers in the FRM3 and thus six
interplanar Si—Si bond lengths starting from both interfaces towards
the center of the Si layer.

silicon layer along the growth axis. The standard deviation
(o) from the mean valuex=2.34 A in all atomic layers

except at the interface, whexe=2.29 A) is also given. The
diamond-shaped symbols correspond to the Si—Si bond
lengths for Si atoms while the filled circles are subO Si—Si
bond lengths at the interfaces. The Si—Si bond lengths depart
significantly from their crystalline counterparts at the inter-
faces up to about three atomic layers, whete0.019; the
standard deviation is four times higher at the interfaces than
in the fifth atomic layer. This deviation of the bond lengths at
the Si/SiQ interfaces shows that it is important to take re-
laxation aspects into account. Indeed, amorphous Bigers
in realistic SL's induce strain and disorder in the Si layer, as
confirmed in Fig. 3. This effect could generate localized de-
fects giving rise to efficient radiative electron-hole recombi-
nation. However, the strain fields only contribute to the small
guasimomentaegime and cannot easily supply the momen-
tum deficit involved in the indirect transition @fSi. More-
over, the relatively small size of our supercell models in the
x-y directions prevents firm conclusions being drawn about
the influence of this strain on the optical properties. Further
aspects of the role of interfaces are discussed in Sec. V.
The three subO Si configurations at the interfaces of the
FRMs are shown in Fig. 4 with their corresponding bond FIG. 4. Structure of the three suboxide interfacial Si atoms.
lengths. Note that the left and right interfaces in the
SiO, /Si/SIO, SLs are notexactly equivalent; they remain As discussed later on, the role of subO Si atoms was
independent (during structural relaxation, for instance further studied using the following variations of the FRM2:
However, a subO Si on the left interface has a locally equivaFirst, we removed all i atoms and attached the proper
lent subO Si on the right interface, by construction. As anumber of hydrogen atoms to neutralize the excess charges.
consequence, each pair of equivalent subO Si atoms haviéhe H positions were then relaxed while keeping all the sili-
approximately the same bond lengths and angles in all theon and oxygen atoms fixed. This structure thus contaihs Si
FRMs. As seen in Fig. 4, the bond lengths depart from theiatoms and Si" subOs, where=1,2,3(i.e.,n#4). A varia-
bulk values, which are 2.35 A far-Si and 1.61 A for SiQ.  tion of this structure was generated by removing all oxygen
In addition, the angles of the subO Si tetrahedra vary conatoms and filling the Si dangling bonds with H atoms, and
siderably: The Si—Si-Si angles vary from 99° to 125°, theagain relaxing the H atoms. The final Si-H bond lengths vary
O-Si-Si angles vary from 96° to 126°, while all O—Si—O from 1.47 A to 1.53 A, after relaxation. This final structure is
angles remain around 106°. It is thus clear that the subO Shus subO-free and contains only® Sitoms, except at the
tetrahedra at the interfaces are distorted as compared toterface with the vacuum, where hydrogen atoms fill the
bulk-Si tetrahedra. dangling bonds. These three confinement models are shown
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(a) FRM2; SLs (b) FRM2/0-H/vacuum  (c) FRM2/H/vacuum (a) FRM1
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FIG. 5. (a) The FRM2 SL's(b) the FRM2/O-H/vacuum model 2 =
(c) the FRM2/H/vacuum model. —

in Fig. 5; they will be referred to as FRM2, FRM2/O-H/
vacuum, and FRM2/H/vacuum, respectively.

In Fig. 6 we show the BZ of the supercell, the standard
¢-Si diamond BZ, and the high symmetry axes used for the E
band structure calculations. We also constructed the &&ik
structure in a supercell of dimensions similar to that of the
FRM SL's, so that comparisons can be done within the same T i
k-space zone scheme. This will be used in the next three rooXR zr M X 20 ,6(" s 100
sections for comparisons of band structure as well as absorp- pial o
tion calculations. & ERMD

Energy [eV]

<)

IV. QUANTUM CONFINEMENT 2

In this section, we discuss the nature of the confined states — =2
in the SL's. We calculated the band structures of the three SL \\
models—FRM1, FRM2, and FRM3—as well as the supple-
mentary FRM2/O-H/vacuum structure, cf. Figbh The lat-

ter is the “ultimate” in terms of confinement, as the two
interfaces with vacuum constitute infinite potential walls. All
band structures are analyzed and compared within equivalent P

Energy [eV]
=]
i
1
!
1
1
U

P I T
r X R ZzTr M X 20 40 60 80 100

)% DOS [States/eV]
‘ FIG. 7. Band structures and density of sta@®©9) of the three

SL models. The DOS are calculated using<(7x 1) k-point grid,
which corresponds to 144 irreducible tetrahedra.

supercell BZ. The growth axis of the SL's being thaxis,
confinement effects are expected to take place irktieand
Z-I" axis of the BZ(see Fig. 6 for axis definitions
The band structures of the three SL's and their total den-
sity of states(DOS) are shown in Fig. 7. We find that the
band structures in the growth axiX{R and Z-I') are dis-
persionless, for all models and all energies. In physical
terms, dispersionless band structures imply infinite effective
FIG. 6. Definition of the SLs BZ superposed to the diamondlikemasses, reflecting the strong confinement. The DOS have a
BZ. The principal axis used for band structure calculation are alsgnore abrupt variation in the valence bands than in the con-
depicted. duction bands. However, DOS alone are not enough to fully
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FIG. 9. Comparison of the band structures for FRM2/H/vacuum
and FRM2 SL’s.

configuration, as can be seen from Fi¢g)8while for the SL

the band gap isunequivocallydirect, and significantly in-
creased. Moreover, comparing the bands in a direction or-
thogonal to the growth axis, for instance arouvidin both
Figs. 8a) and(b), we see that the valence bands are raised;
the lowest conduction band in theM direction is pushed to
higher energies. In addition, they exhibit less dispersion in
the SL than inc-Si, in general. Hence, confinement modifies
the electronic properties in the growth axis as well as in
I TG 1 directions orthogonal to it. This is further analyzed from op-
- FRM2/0-H/vac. tical absorption calculations, below.

We compare in Fig. @) the band structures of the FRM2
and FRM2/O-H/vacuum models. The positions of th8 Si
atoms, as well as the subO Si in the two structures, are iden-
tical. The solid lines displays the band structures of the
FRM2, while the dots display the bands of the FRM2/O-H/
vacuum structure. It is clear that the two band structures are
nearly identical. This calculation shows that the Si@yers
act as virtually impenetrable barriers. The electronic proper-
ties of hypothetical SL structures having only subO Si—i.e.,

4 o~ . T
FIG. 8. Band structures o) ¢-Si in the (folded) SL BZ (b) no St of Si0,—and positioned at the subO Si sites, would

comparison between the FRM2 SL's and the FRMZ/O-H/V&CUUN?I\Ie near.ly identical electronic properties as SI/§.IS]‘S’
band structures. or energies close to the band gap. Our calculations show

that the electronic wave functions die out at the suboxide Si

atoms of the interfaces. Thus the barrier is sharply located
understand the optical processes involving the interbangst behind the subO Si atoms, and therefore just two atomic
transitions, since the weighting of the optical matrix ele-jayers could be used as a barrier without altering the elec-
ments is needed. This is further discussed in Sec. VI. tronic properties, when energies involvéd the device re-

Let us consider in more details one of the SL modelsmain close to the energy gap. The influence of the interface
namely the FRM2. We select tffe-Z-I'-M high-symmetry  supO Sj atoms is further analyzed next.

axis where the major features, viz. the relevant energy gaps,
appear. The band structures of the folde8i structure, the
FRM2 SL's structure as well as the FRM2/O-H/vacuum
structure, have been calculated and compared. Figies 8 In order to assess the role of the subO ions on the elec-
and (b) contain a synopsis of all calculations f&rpoints  tronic properties, we calculated the band structures of the
along R-Z-I'-M. Several conclusions can be drawn from FRM2/H/vacuum structure, Fig. (&, which containsno
these figures. subO Si; the dangling bonds have been filled by hydrogen
By comparing the bands farSi, Fig. §a), with those for atoms and hydrogen atonisnly) have been structurally re-
the FRM2 SL, Fig. &) (solid lineg, we see that folding laxed. Figure 9 summarizes the results. The LDA band gap is
effects cannot by themselves explain the new band structurstill direct but significantly lowered, from 0.81 eV in the
The bands in th&-I" directions are totally modified by the FRM2 to 0.67 eV in the FRM2/H/vacuum structure. Inter-
confinement. Althouglt-Si always has an optically indirect face reconstructioas discussed in Sec. Il and Fig. tBus
band gap, this band gap becomes almost direct in its foldetas significant impact on the electronic properties. The bands

V. ROLE OF INTERFACES
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FIG. 10. Absorption coefficient of the SL models as comparect$d. (a) and(c) are the absorption in the growth axi®) and(d) are
the absorption in the plane orthogonal to the growth axis.

in the plane orthogonal to the growth axis are quite differenthe largest distancéorojected onto the axis) between any
from FRM2; e.g., the valence band is lowered near lthe two subO Si atoms. Hence the upper bound tpare 11.17
andR points, becoming similar to theSi band structure. We A, 16.58 A, and 22.01 A for the FRM1, FRM2, and FRM3,
thus conclude that the subO Si atoms have two effdcts: respectively, while the lower-bound thicknesses are simply
increase the band gap afit) produce dispersionless valence Lsi—2Lgypo. We define the Si thickness in the SL's to in-
bands. The charge states in the subO are responsible for tRéide the interface subO Si atoms as webrresponding to
increase in the band gap, while the strongly increasedhe upper bound This choice is made since subO Si{Si

) . ) 2 £ . . B
valence-band offset leads to essentially dispersionless banda ", or SF*) atoms contribute to the electronic properties,
as do bulk-Si atoms (%iatoms; for instance, we showed

above[see, e.g., Fig. @)] that the band structures of the
FRM2 SLs and the FRM2/O-H/vacuum systems overlap, and
VI. BLUESHIFT AND OPTICAL ENHANCEMENT indicated where the effective barrier begins.
The band gaps of the FRM1, FRM2, and FRN4&e the
The matrix elements entering the calculations of the optiband structures in Fig.)7are direct except for the FRM1
cal properties are often approximated as a constant in a givalhere the band gap isearly direct with only 0.12 eV be-
range of energies. However, such an approximation is inacween the direct and indirect transitions. The values of the
equate for elucidating the enhanced luminescence in Sj/SiQgap are 0.99 eV, 0.81 eV, and 0.68 eV for the FRM1, FRM2,
SLs. This section deals with calculating the absorption coefand FRM3, respectively. The direct transition Iatfor the
ficient within the Fermi golden rule and interband-transitionFRM1 equals 1.11 eV. For the FRM2 and the FRM3, the
theory. band gaps are direct and located on the wizlé axis[see
Since the Si-layer thicknedsg; is relevant to the energy Figs. 7b) and (c)]. Direct transitions can thus be achieved
shift in SLs, this quantity needs first to be defined. Thisbetween the valence band and the conduction band, along the
involves some uncertainty associated with the interface-TI" line of the BZ. We thus obtain, under the LDA, a blue-

thicknesse4 ¢ po- shift
The interface thicknesd g ,,0 was estimated to be
~1.60 A from our calculations of the subO Si region. This is 0.68 eV\-~0.81 eV—0.99 eV
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with increased confinement be made withc-Si calculated in the equivalent SL BZ, i.e.,
within equivalentk-space zone schemes.

Since the SLs are fabricated with the objective of chang-
ing the indirect gap to a direct gap, we now discuss the

absorption threshold region. Comparison at the onset of ab-

However, these values for the energy gaps are much Iowelo nion from Figs. 1@) or (d) shows that all absorption
than the experimental ones. It is well known that DFT within ., es have a lower energy threshold thmmth the c-Si ab-

the LDA underestimates the energy gaps of semiconductoig, ntion curves, and especially below the one calculated in

and insulators. Foe-Si, the DFT-LDA gap is approximately yhe equivalent SL BZ having equal numberkopoints. That
0.6 eV less than the experimental value. For theg he 5|5 show absorption (and emission) in the spectral
B-cristobalite phase of SiQin the groupl42d, the DFT-  region above the indirect gap of c-Si and below the direct
LDA energy gap is 5.8 eV while the experimental value isgap of c-Si This shows that the absorption @il confined

about 3 eV higher, i.e;-9 eV. Approximate, but realistic, Sj/SiO, SL models is enhanced, comparedctSi; the tran-

2.2 nm—1.7 nm—1.1 nm.

band gaps can be obtained by adding 0.6 eV overall: sitions are direct in SL's and have an active oscillator
strength. For the folded-Si energy bands, the lower bands
1.28 eV>1.41 eVs1.59 eV. above the Fermi level, and the corresponding oscillator

strength, remain dark; in other words, the optical matrix el-
ements of the SL BZ ot-Si are null up to~2.0 eV. This
(22 nm (1.7 nm (1.1 nm result clearly demonstrates the enhancement of the absorp-
tion (and emissionp mechanisms in confined Si structures.
These energy gaps correspond to the lower bound of thEurthermore, upon inspection of the absorption curves in the
experimentdand lie in the visible spectrum. However, these plane orthogonal to the growth axisig. 10(d)], we note that
gaps are still somewhat lower than the experimentathe energy thresholds of the absorption are all beteSi:
valuest?*#~®The discrepancy can be explained by recrystalthus, thex-y absorption of the FRM’s takes place approxi-
lization processes, which lead to the formation of nanoclusmately at their respective direct energy gaps, and then be-
ters that would increase the confinement, and correspondiave in a similar manner, as expected from the similarity of
ingly the measured energy gaffsThe analysis of such a the SL band structures, in this plane.
behavior, which is beyond the scope of the present work, We examine, finally, the higher-energy region which cor-
would require zero-dimensional-confined model structures. responds to the usual direct transiti@-6 e\) in c-Si. Even
The absorption of the three SL models an8i have been here, Fig. 10a) demonstrates a blueshift with increased con-
calculated both in the diamond-like BZ and in the SL BZ.finement in thez axis. The overall absorption maxima for
For ¢-Si in the diamondlike BZ, we used (2®0x 20) k FRM1-FRM3 are at 5.28 eV, 4.83 eV, and 4.71 eV, with
points#® while in the SL BZ, (X 7x2) k points are used. intensities of 136, 155, and 162(10% cm), respectively. For
Calculations using mork points, viz. (8<8x3), show that ¢-Si in the SL BZ(to ensure comparable precision in the
(7X7x2) is quite sufficient to recover the form of the ab- calculations the second peak, i.e., the maximum, take place
sorption curve for all the SL models. The purpose of calcuat 4.70 eV(with absorption equal to 23410%/cm), while
lating the absorption of-Si in two different BZ’s is to esti- the first peak is at 4.0 eVand with absorption equal to
mate errors, first due to zone folding effedtshich cause 229X 10%*/cm). We emphazise that there is still a slight blue-
round-off errors, leading to non-absolutely-null transitions atshift in thex-y plane orthogonal to the growth axis, but less
the onsef® and, second, to the tetrahedron method itselforonounced than in the growth axis.
which needs large amounts kfpoints. The broadening in
the absorption curves has been fixed to 0.015 eV for all the
absorption curves discussed below, as suggested by Fifggle.
Figure 10 shows the absorption results. Paf@lsind (b) In this work, the structural, electronic, and optical prop-
give an overall view of the absorption curves for #axis in  erties of Si/SiQ superlattices have been studied on the basis
(@ and thex-y plane in(b). Panels(c) and (d) show the of structurally relaxed models. These SL models, which con-
absorption at the onset, for tzexis in(c) and thex-y plane  tain no hydrogen atoms at the Si/Sinterfaces, exhibit
in (d). In all cases, we included the absorptionce®i calcu-  enhanced optical absorption/emission, as observed in experi-
lated in the diamond-like BZ, as well as the one in the SLment; this can be attributed to the presence of silicon dioxide
BZ. Direct comparison of the twe-Si absorption curves barriers. In experiments performed under ultrahigh vacuum
give an estimate of imprecisions due to zone foldings andonditions, the oxidization process would predominantly
intermediate number df-point effects. It shows that the ab- give rise to oxide bonds at the interfaces, but still, few hy-
sorption is slightly underestimated in the SL calculations;drogen atoms are expected to be present and fill some of the
e.g., in Fig. 1Qc), the onset of absorption @Si in the SL  remaining dangling bonds.
BZ takes place at 2.0 eV while in the diamondlike BZ the  Our calculations show that the oxide barriers are central
onset happens at the correct value of 2.52(eMich is for  to the optical enhancement in SLs. It is well known that
c-Si the LDA direct transition al”). This numerical effect hydrogen atoms play a similar role in amorphous silicon by
cannot be avoided and will arise, as well, in any Si/SiO filling dangling bonds. This suggests that it might also be the
supercell. Hence, all comparison of the SL absorption mustase in Si/Si@ SL's, where hydrogen atoms fill extra dan-

VII. CONCLUDING REMARKS
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gling bonds, and thus would amplify the optical enhance-4nterface—are expected to modify the electronic properties,

ment effect already exerted by the oxide barriers. Furtheand hence enhance the optical absorption/emission spectra.
studies are needed to ascertain this.

We have shown that suboxide Si atoms at the interfaces
act as virtually impenetrable barriers. The active barrier
thickness thus corresponds to the suboxide Si layer—only
1.6 A in our models. The confined Si layer thus consists of It is a pleasure to thank Dr. Jurgen Furthtaufor help
bulk Si and suboxide Si atoms. Suboxide Si atoms at thewith the optical calculations in VASP. We gratefully ac-
interfaces modify the electronic properties in two mannersknowledge Dr. Zheng-Hong Lu for helpful discussions and
They (i) increase the energy gap afid lead to dispersion- suggestions. This work is supported by grants from the Natu-
less band structures, which increases the transition probabilial Sciences and Engineering Research CoNSIERQ of
ties. Canada and the “Fonds pour la formation de chercheurs et

Other confinement model&ero-dimensional structures I'aide ala recherche”(FCAR) of the Province of Quaec.
and interface effects will be considered in future work. ForWe are indebted to the “Reau qukecois de calcul de haute
instance, inclusion of other atomic species—such as nitrogeperformance” (RQCHP for generous allocations of com-
that would generate subnitric Si atoms at the SiLSiO puter resources.
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