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First Principles Study of a New Large-Gap Nonoporous Silicon Crystal: Hex-Si40
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We present anab 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-Si40 has 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
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The development of silicon-based optoelectronic
vices meets a severe limitation in the fact that, in b
silicon, the efficiency of interband radiative recombin
tion is low. This is due to the relatively small and ind
rect energy gap resulting from the band structure of p
silicon. Moreover, the near-gap luminescence peak,
cated at,1.09 eV, falls below the visible region. A ver
promising way to overcome this problem has been ope
in the 1990’s by the discovery of the photoluminesc
properties of porous silicon (p-Si) [1]. The precise ori-
gin of the efficient, visible light photoluminescence (P
of p-Si (obtained by etching of Si wafers in HF bas
electrolytes) has been a matter of debate, and yet not c
pletely clarified [2]. Different possible sources of PL ha
been considered, both intrinsic and extrinsic, includ
phonon-assisted mechanisms [3]. The intrinsic mec
nism based on quantum confinement effects, origina
by the nanoscale filamentary structure ofp-Si, is gener-
ally accepted as being a source of luminescence, par
larly when the confinement occurs on a small length sc
s,15 20 Åd. In fact, quantum confinement can indu
both a widening of the gap and strong modifications of
energy bands, possibly leading to a direct gap.p-Si has
however a quite indeterminate structure, strongly dep
dent on the fabrication conditions. On the theoretical s
calculations tried to investigatep-Si properties studying
either Si nanocrystal [3–5], clusters [6], or nanowires [

We have realized and studied these quantum con
ment effects in a hypotheticalmonolithic silicon form,
where good structural and mechanical properties c
bine with a good functional reproducibility. We theore
cally designed, by means of topological arguments
a density-functional total energy minimization based
the Car-Parrinello method [8,9], a novel crystalline fo
of silicon having hexagonal symmetry, 40 atoms per u
cell, perfect fourfold coordination, and a regular array
parallel tubes which are able to localize electronic sta
at the edges of the gap. The electronic structure of
material shows two of the important characteristics wh
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can lead to visible photoluminescence as inp-Si: (i) a
gap widening of more than 0.4 eV and (ii) existence
spatially confined electronic states. This study represe
we believe, a new concept in the design of optical ma
rials, based on structural architecture rather than chem
manipulation.

Guidelines of this work have been the previous the
retical studies on cubic silicon clathrates [10,11], t
very recent synthesis of cubic Na2Ba6Si46 [12], and our
investigations on the topological design of new hollo
covalent materials of desired geometry and complex
[13]. The latter studies led us to the discovery of i
finite series of fourfold coordinated crystals, which w
called “hollow diamonds,” characterized by periodic a
rays of cavities whose spacing increases along the
ries to infinity. Here we are interested in the series
hexagonal hollow silicons hex-Sim, with m  40fnsn 1

1d s2n 1 1dgy6 andn any natural number [13]. The firs
sn  1d element of the series, hex-Si40, is a clathrate
obtained from the coalescence of two Si26, two Si24,
and three Si20 fullerenelike clusters, having the shape
the 15-hedron (3 hexagons and 12 pentagons), 14-he
(2 hexagons and 12 pentagons) and, dodecahedron
spectively. The unit cell containss2 3 26 1 2 3 24 1

3 3 20dy4  40 atoms, and the space group isP6ymmm.
A perspective view along thec axis of the resulting struc-
ture is shown in Fig. 1. The backbone of this lattice is
hexagonal array of parallel tubes, each tube being an
finite pile of Si24 pairs. The tubes are held together b
rings of Si26 and Si20 cages arranged on alternate plan
normal to the tubes. The Si26 rings form, in each plane
a honeycomb lattice where the Si26 cages are located a
the vertices and connected through their hexagonal fa
The Si20 rings also form a honeycomb lattice with the Si20

cages located at the edge midpoints.
We have computed the hex-Si40 equilibrium geometry

and electronic structure within the density function
theory (DFT) in the local density approximation (LDA
using a globalsionic 1 electronicd minimization approach
© 1996 The American Physical Society 3573
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FIG. 1. The structure of hex-Si40, with its characteristic
“channels” along thec axis.

[14]. A norm-conserving pseudopotential of the Bachel
Hamann, Schlüter type [15] in the separable Kleinma
Bylander form has been used. The atomic geome
has been optimized with a full relaxation of the intern
structure, at several fixed values of the two latti
parameters (a and cya). We used an energy cutoff o
11 Ry for the plane wave expansion of the electron
wave functions. Because of the very small volume
the Brillouin zone (BZ), its sampling has been limited
three Chadi-Cohen special points [16]. Convergence
the structural properties has been checked by using
G point only, and by increasing the cutoff up to 20 R
We have taken, for the sake of comparison, a calculat
for normal Si (diamondlike) in a 54 atoms hexagon
supercell, with the same energy cutoff and the same
of k points. We obtain for hex-Si40 a cohesive energy o
only ,0.1 eVyatom below that of normal Si. Because
limited BZ sampling and the use of the LDA, the relativ
error on such a small energy difference may be lar
however, its order of magnitude speaks in favor of t
stability of hex-Si40.

At the optimized geometry, hex-Si40 has the structure
shown in Fig. 1. Its specific volume is 17.7% larg
than in normal silicon, with lattice parametersa andcya
equal to 10.18 and 1.02 Å, respectively. Eight differe
bond lengths occur in this lattice, ranging from 2.308
2.486 Å, i.e., from 1.8% shorter to 5.8% longer than in d
amondlike Si. While basal hexagons are regular by sy
metry, vertical hexagons belonging to Si26 are distorted
with bond angles of,126± and ,108±. Pentagons are
distorted as well with various bond angles ranging fro
104± to 112±. The minimum diameter of the “tubes” alon
the c axis, across the basal hexagons, is of 4.7 Å;
maximum diameter, corresponding to planes cutting S24

cages along their equator, is 10.6 Å. The ground-state
lence electron charge density is mostly distributed alo
the bonds, very much as in normal silicon. Indeed the
findings compare well with a previous LDA calculation o
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the cubic clathrate sc-Si46 [10], where the atomic volume
and cohesive energies are found to be, respectively, 1
larger and about 0.09 eV smaller than in normal Si. A
atomic volume increase of 17% and a difference in c
hesive energy of 0.07 eV with respect to normal silico
have also been found in another calculation of fcc-S34

and sc-Si46 [11]. Thus it appears that, within the numeri
cal accuracy, hex-Si40 is as stable as the other clathrate
so far investigated.

The hex-Si40 electronic structure (Fig. 2) has been ca
culated along the high-symmetry directions from the LD
Kohn-Sham eigenvalues using the self-consistent poten
obtained with the set of three specialk points. An indi-
rect LDA energy gap of 1.03 eV is found, 0.44 eV wide
than the indirect gap of normal Si obtained within th
same computational scheme [17]. The minimum dire
gap, located at9y10 of the G-A edge, has an LDA value
of 1.10 eV, only 70 meV larger than the absolute ga
The bottom of the conduction band, however, is located
theA point. In order to obtain the correct band gap, LDA
results should be corrected with self-energy effects [1
In a first approximation based on the “scissor operato
approach all the conduction bands are rigidly shifted
higher energies byDg, as much as in normal SisDg 
0.6 eVd [19], so that the real energy gap for hex-Si40

is predicted to be about 1.6 eV. This value agrees w
the calculated gaps of fcc-Si34 and sc-Si46 [10,11], where
also a substantial widening was reported.

An empirical tight-binding (TB) calculation, which we
performed using Sawada’s parametrization [20], repr
duces quite well theab initio results, especially near the
gap edges (Fig. 2, right), once the rigid shift of LDA
conduction bands is applied. Actually the TB gap is a
most direct due to the pronounced flatness of the gap-e

FIG. 2. Left panel: LDA band structure of hex-Si40. The gap
is indirect alongG-A and it is 0.44 eV larger than in normal Si.
The symmetry classification inG, in order of increasing energy
for the near-gap bands, isG1

6y , G
2
6y , G

2
5y , G

1
5y , G

1
2y , G

2
1y for

valence states andG2
2c, G

2
5c, G

1
1c, G

2
3c, G

1
6c, G

2
2c for conduction

states. Right panel: TB results (see text). The wave vector
K is pointing along thex direction of Fig. 1.
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FIG. 3. Electronic DOS of hex-Si40. The TB parametrization
is used in order to achieve a full convergence in thek-space
integration. In the inset, we show the zerose00

0 d and one-
phonon se00

1 d contributions toe00svd, as calculated from the
LDA eigenstates corrected with the scissor operator.

bands. The TB parametrization, enabling us to work w
a very large set ofk points, has been used to calculate t
density of states (DOS) of hex-Si40 (Fig. 3).

Most of the states near the gap, which are involved
the PL transitions, are found to be spatially confined.
representation of the highest valence state at theA point
(doubly degenerateG2y band) is given in Fig. 4. In pane
A we report the squared modulus of the LDA wave fun
tion in a plane perpendicular to thec axis and contain-
ing the Si-Si bonds surrounding the largest section of
tubes (equators of the Si24 cages). In panel B, the sam
quantity has been averaged over thez direction, showing
that there is almost no contribution from interstitial r
gions on any plane perpendicular to thec axis. An almost
identical shape and localization is displayed by the t
bands into whichA2y splits along theA-G direction (G2

1y

and G
1
2y bands). Low energy unoccupied bands (Fig.

panels C and D) are also found to be spatially confin
the lowest conduction state at theA point, for example,
is mostly localized inside the Si24 and Si26 cages, i.e.,
into “zero-dimensional” structures. Another unoccupi
band, linkingG

2
5c at G to G3c at A, displays a large am

plitude of the wave function on both internal and extern
surfaces of the tubular structures, suggesting a more
dimensional confinement. This band is seen to give
largest contribution to the imaginary part of the dielect
functione00svd at frequencies below 2.8 eV (here, follow
ing Ref. [21], we takev  vLDA 1 Dgy"). The transi-
tion from the bottom of the conduction band to the top
the valence band is dipole forbidden along theG-A edge.
The same holds for transitions to the valence band
mediately below (G1

2 symmetry inG). Actually, we find
no contribution toe

00
0 svd at the minimum direct gap. The

first contributions toe
00
0 are instead predicted to appear

energies of 2.2–2.8 eV. They involve the three low
conduction bands and the highest ten occupied bands
ith
he
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FIG. 4. Hex-Si40 charge density contours at theA point for
the highest valence stateG2y (a) a cut normal to thec axis
in the equatorial plane of Si24 cages; (b) averaged along thec
axis and for the lowest conduction states; (c) the lowest st
G1c, whose density maxima occur at the center of Si26 cages;
(d) the immediately above doubly degenerateG3c state, which
gives a large contribution toe00. Crosses correspond to atomic
positions projected onto thex-y plane.

We also evaluate the one-phonon contribution,e
00
1 svd,

following the procedure used by Hybertsen [3] for S
crystallites. In the present case, where the BZ is ve
small and the dispersion of optical phonons is wea
e

00
1 svd can be estimated under the simplifying assumptio

that only zone-center phonons, whose normalized DO
is gsv2d, contribute, so thate00

1 svd at T  0 K is the
convolution ofgsv2d with e

00
0 svd:

e00
1 svd 

3d2
0

16"v
2
0Mr2

0

Z v0

0
dṽgsṽ2de00

0 sv 2 ṽd , (1)

whered0 is an average optical deformation potential (w
take the experimental value for Si,d0  40 eV [22]).
M is the Si mass,r0  2.34 Å an average bond length,
and "v0 is the maximum phonon energy. Forgsv2d
we rescaled the spectrum of hex-C40 as obtained from
TB molecular dynamics [23]. The resultinge00

0 svd and
e

00
1 svd in the PL spectral region just above the gap a

plotted in the inset of Fig. 3. There is a striking similarit
with Hybertsen’s calculation for,20 Å crystallites in
both shape and order of magnitude of the two dielect
functions, so that Hybertsen’s conclusions regarding t
photoluminescence yield of small silicon crystallites app
equally well to the present crystalline silicon form.

In conclusion, we have computed the structural a
electronic properties of a new form of silicon with a
3575
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unit cell of 40 atoms, and perfect fourfold coordination
This material, which is predicted to be as stable as t
cubic silicon clathrates (Si46, Si34), is a semiconductor
with a gap more than 0.4 eV larger than normal silicon
Both LDA and TB calculations yield gap-edge band
with a dispersion of less than 0.5 eV, also due to th
small size of the BZ. The analysis of the dipole matri
elements between valence and conduction states and
study of their spatial localization reveals that low-lying
excitations, responsible for the onset of optical absorpti
and possibly concerned by photoluminescence, invol
mainly electronic states which are spatially confined. Th
existence of low-dimensional electronic states, togeth
with the substantial widening of the gap, make th
dielectric properties of hex-Si40 on the PL spectral region
surprisingly similar to those of silicon crystallites and
ultimately, of porous silicon. If synthesized, hex-Si40

would then share the great technological interest ofp-
Si for optoelectronic applications.

We are grateful to Professor M. Scheffler for usefu
discussions, and to Dr. M. Bernasconi for a critica
reading of the manuscript.
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