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First Principles Study of a New Large-Gap Nonoporous Silicon Crystal: Hex-Sj
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We present areb initio calculation of the structural and electronic properties of Si in a novel
hexagonal fourfold coordinated structure with 40 atoms per unit cell, obtained from the coalescence
of small fullerenic cages. Hex-@gihas a tubular structure, inducing confined electronic states near the
gap, which is widened by-0.4 eV with respect to normal silicon. This system is predicted to be a
very interesting, possibly photoluminescent material for optoelectronics. [S0031-9007(96)01473-1]

PACS numbers: 61.46.+w, 61.66.Bi, 71.20.Mq

The development of silicon-based optoelectronic de€an lead to visible photoluminescence as#rASi: (i) a
vices meets a severe limitation in the fact that, in bulkgap widening of more than 0.4 eV and (ii) existence of
silicon, the efficiency of interband radiative recombina-spatially confined electronic states. This study represents,
tion is low. This is due to the relatively small and indi- we believe, a new concept in the design of optical mate-
rect energy gap resulting from the band structure of pureials, based on structural architecture rather than chemical
silicon. Moreover, the near-gap luminescence peak, lomanipulation.
cated at~1.09 eV, falls below the visible region. Avery  Guidelines of this work have been the previous theo-
promising way to overcome this problem has been openegktical studies on cubic silicon clathrates [10,11], the
in the 1990’s by the discovery of the photoluminescentvery recent synthesis of cubic M&asSis,g [12], and our
properties of porous silicona(-Si) [1]. The precise ori- investigations on the topological design of new hollow
gin of the efficient, visible light photoluminescence (PL) covalent materials of desired geometry and complexity
of 77-Si (obtained by etching of Si wafers in HF based[13]. The latter studies led us to the discovery of in-
electrolytes) has been a matter of debate, and yet not corfinite series of fourfold coordinated crystals, which we
pletely clarified [2]. Different possible sources of PL havecalled “hollow diamonds,” characterized by periodic ar-
been considered, both intrinsic and extrinsic, includingrays of cavities whose spacing increases along the se-
phonon-assisted mechanisms [3]. The intrinsic mechades to infinity. Here we are interested in the series of
nism based on quantum confinement effects, originatelexagonal hollow silicons hex-gi with m = 40[n(n +
by the nanoscale filamentary structuresfSi, is gener- 1) (2n + 1)]/6 andn any natural number [13]. The first
ally accepted as being a source of luminescence, particin = 1) element of the series, hex,;§iis a clathrate
larly when the confinement occurs on a small length scalebtained from the coalescence of two,gSitwo Sy,
(<15-20 A). In fact, quantum confinement can induceand three Sj fullerenelike clusters, having the shape of
both a widening of the gap and strong modifications of thehe 15-hedron (3 hexagons and 12 pentagons), 14-hedron
energy bands, possibly leading to a direct gap-Si has (2 hexagons and 12 pentagons) and, dodecahedron, re-
however a quite indeterminate structure, strongly deperspectively. The unit cell contain@ X 26 + 2 X 24 +
dent on the fabrication conditions. On the theoretical side3 X 20)/4 = 40 atoms, and the space groupA6/mmm.
calculations tried to investigate-Si properties studying A perspective view along the axis of the resulting struc-
either Si nanocrystal [3—5], clusters [6], or nanowires [7].ture is shown in Fig. 1. The backbone of this lattice is a

We have realized and studied these quantum confindiexagonal array of parallel tubes, each tube being an in-
ment effects in a hypotheticahonolithic silicon form, finite pile of Si, pairs. The tubes are held together by
where good structural and mechanical properties conrings of Spg and Sj, cages arranged on alternate planes
bine with a good functional reproducibility. We theoreti- normal to the tubes. The Jirings form, in each plane,
cally designed, by means of topological arguments and honeycomb lattice where the,Stages are located at
a density-functional total energy minimization based orthe vertices and connected through their hexagonal faces.
the Car-Parrinello method [8,9], a novel crystalline formThe Siq rings also form a honeycomb lattice with theSi
of silicon having hexagonal symmetry, 40 atoms per unitages located at the edge midpoints.
cell, perfect fourfold coordination, and a regular array of We have computed the hexz$equilibrium geometry
parallel tubes which are able to localize electronic stateand electronic structure within the density functional
at the edges of the gap. The electronic structure of thitheory (DFT) in the local density approximation (LDA),
material shows two of the important characteristics whichusing a globalionic + electroni¢ minimization approach
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the cubic clathrate sc-Ri[10], where the atomic volume
and cohesive energies are found to be, respectively, 15%
larger and about 0.09 eV smaller than in normal Si. An
atomic volume increase of 17% and a difference in co-
hesive energy of 0.07 eV with respect to normal silicon
have also been found in another calculation of fcgrSi
and sc-Sjg [11]. Thus it appears that, within the numeri-
cal accuracy, hex-gjis as stable as the other clathrates
so far investigated.

The hex-Sj, electronic structure (Fig. 2) has been cal-
culated along the high-symmetry directions from the LDA
Kohn-Sham eigenvalues using the self-consistent potential
obtained with the set of three speciapoints. An indi-
rect LDA energy gap of 1.03 eV is found, 0.44 eV wider
than the indirect gap of normal Si obtained within the
FIG. 1. The structure of hex-gi with its characteristc same computational scheme [17]. The minimum direct
“channels” along the axis. gap, located a9/10 of the I'-A edge, has an LDA value

of 1.10 eV, only 70 meV larger than the absolute gap.
[14]. A norm-conserving pseudopotential of the Bachelet,The bottom of the conduction band, however, is located at
Hamann, Schliter type [15] in the separable KleinmantheA point. In order to obtain the correct band gap, LDA
Bylander form has been used. The atomic geometryesults should be corrected with self-energy effects [18].
has been optimized with a full relaxation of the internalln a first approximation based on the “scissor operator”
structure, at several fixed values of the two latticeapproach all the conduction bands are rigidly shifted to
parametersd and c/a). We used an energy cutoff of higher energies by\,, as much as in normal S, =
11 Ry for the plane wave expansion of the electronid).6 eV) [19], so that the real energy gap for hexgSi
wave functions. Because of the very small volume ofis predicted to be about 1.6 eV. This value agrees with
the Brillouin zone (BZ), its sampling has been limited tothe calculated gaps of fcc-giand sc-Sjs [10,11], where
three Chadi-Cohen special points [16]. Convergence imlso a substantial widening was reported.
the structural properties has been checked by using the An empirical tight-binding (TB) calculation, which we
I' point only, and by increasing the cutoff up to 20 Ry. performed using Sawada’s parametrization [20], repro-
We have taken, for the sake of comparison, a calculatioduces quite well theb initio results, especially near the
for normal Si (diamondlike) in a 54 atoms hexagonalgap edges (Fig. 2, right), once the rigid shift of LDA
supercell, with the same energy cutoff and the same seobnduction bands is applied. Actually the TB gap is al-
of k points. We obtain for hex-gj a cohesive energy of most direct due to the pronounced flatness of the gap-edge
only ~0.1 eV/atom below that of normal Si. Because of
limited BZ sampling and the use of the LDA, the relative

error on such a small energy difference may be large; 5|
however, its order of magnitude speaks in favor of the — L3 Fr,.
stability of hex-Sj,. 0+— 0+ 1y,
At the optimized geometry, hex-gihas the structure < _ o] =~ 2_/
shown in Fig. 1. Its specific volume is 17.7% larger £ <
than in normal silicon, with lattice parametersandc/a 245 = 24
equal to 10.18 and 1.02 A, respectively. Eight differents == ]
bond lengths occur in this lattice, ranging from 2.308 to =~ = ] -6t
2.486 A, i.e., from 1.8% shorter to 5.8% longer than in di- _g| ls*‘ z 8_§
amondlike Si. While basal hexagons are regular by sym- \g
metry, vertical hexagons belonging to,Sare distorted 19 === '10§
with bond angles of~126° and ~108°. Pentagons are 45| ] 12 < T
distorted as well with various bond angles ranging from AT K M T A T KM T
Wave vector Wave vector

104° to 112. The minimum diameter of the “tubes” along
the ¢ axis, across the basal hexagons, is of 4.7 A; théIG. 2. Left panel: LDA band structure of hex,$i The gap

maleum dlameter’ Correspondlng to planes Cuttlng Sl iS indirect aIOngF'A and |t iS 044 eV |arger than in normal S|

cages along their equator, is 10.6 A The ground-state ve%The symmetry classification ifi, in order of increasing energy

o - or th -gap bands, B, Te,, Tsy, Tsy, Ty, Ty
lence electron charge density is mostly distributed anng,%ﬁengensetg{e%agnH?n 1;5; 19’? 1933 FZ#’ ’ Fzév’forzébnl;llﬂctfgn

the bonds, very much as in normal silicon. Indeed thesgates. Right panel: TB results (see text). The wave vector in
findings compare well with a previous LDA calculation of K is pointing along thec direction of Fig. 1.
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FIG. 3. Electronic DOS of hex-gi The TB parametrization
is used in order to achieve a full convergence in khspace
integration. In the inset, we show the zete)) and one-
phonon (e}') contributions toe”’(w), as calculated from the
LDA eigenstates corrected with the scissor operator.

bands. The TB parametrization, enabling us to work with |
a very large set of points, has been used to calculate the
density of states (DOS) of hex;S(Fig. 3). FIG. 4. Hex-Si, charge density contours at the point for

; ; - the highest valence statg,, (a) a cut normal to the axis
Most of the states near the gap, which are involved mfn the equatorial plane of Sicages; (b) averaged along the

the PL transitions, are found to be spatially confined. Agyis and for the lowest conduction states: (c) the lowest state
representation of the highest valence state atAtimint  T',., whose density maxima occur at the center of; 8ages;
(doubly degeneratE,, band) is given in Fig. 4. In panel (d) the immediately above doubly degener&te state, which

A we report the squared modulus of the LDA wave func-gives a large contribution te”. Crosses correspond to atomic
tion in a plane perpendicular to theaxis and contain- POSitions projected onto they plane.

ing the Si-Si bonds surrounding the largest section of the

tubes (equators of the Sicages). In panel B, the same We also evaluate the one-phonon contributief\w),
quantity has been averaged over thdirection, showing following the procedure used by Hybertsen [3] for Si
that there is almost no contribution from interstitial re- crystallites. In the present case, where the BZ is very
gions on any plane perpendicular to thaxis. An almost small and the dispersion of optical phonons is weak,
identical shape and localization is displayed by the twoei (») can be estimated under the simplifying assumption
bands into whichi,, splits along thed-T" direction (;,, ~ that only zone-center phonons, whose normalized DOS
and I'5, bands). Low energy unoccupied bands (Fig. 4js g(w?), contribute, so thak(w) at T = 0 K is the
panels C and D) are also found to be spatially confinedeonvolution ofg(w?) with € (w):

the lowest conduction state at tlepoint, for example, 3d2 wg

is mostly localized inside the Siand Sig cages, i.e., €/(w) = ——>5—> f dag(d*)el(w — @), (1)
into “zero-dimensional” structures. Another unoccupied 16hwyMry Jo
band, linkingI's. at I" to I';. at A, displays a large am- whered, is an average optical deformation potential (we
plitude of the wave function on both internal and externaltake the experimental value for Siy = 40 eV [22]).
surfaces of the tubular structures, suggesting a more ondf is the Si massr, = 2.34 A an average bond length,
dimensional confinement. This band is seen to give thand Zw, is the maximum phonon energy. Fgfw?)
largest contribution to the imaginary part of the dielectricwe rescaled the spectrum of hexyGs obtained from
functione’(w) at frequencies below 2.8 eV (here, follow- TB molecular dynamics [23]. The resulting (w) and

ing Ref. [21], we takaw = w1pa + A, /%). Thetransi- €] (w) in the PL spectral region just above the gap are
tion from the bottom of the conduction band to the top ofplotted in the inset of Fig. 3. There is a striking similarity
the valence band is dipole forbidden along fhet edge. with Hybertsen’s calculation for~20 A crystallites in
The same holds for transitions to the valence band imboth shape and order of magnitude of the two dielectric
mediately below [, symmetry inI'). Actually, we find  functions, so that Hybertsen’s conclusions regarding the
no contribution toe} (w) at the minimum direct gap. The photoluminescence yield of small silicon crystallites apply
first contributions toe{ are instead predicted to appear atequally well to the present crystalline silicon form.
energies of 2.2—-2.8 eV. They involve the three lowest In conclusion, we have computed the structural and
conduction bands and the highest ten occupied bands. electronic properties of a new form of silicon with a
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