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Abstract

The electronic band structure and dielectric function of ordered porous Ge are studied by means of a sp°s™ tight-binding supercell
model, in which periodical pores are produced by removing columns of atoms along [0 0 1] direction from a crystalline Ge structure and
the pore surfaces are passivated by hydrogen atoms. The tight-binding results are compared with ab-initio calculations performed in
small supercell systems. Due to the existence of periodicity in these systems, all the electron states are delocalized. However, the results of
both electronic band structure and dielectric function show clear quantum confinement effects.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous semiconductors represent an interesting example
of low-dimensional systems. These materials have useful
properties because of their extremely large internal surface
per unit volume, making them ideal as catalyst materials
and sensors. Among the conventional semiconductors, Ge
has the highest dielectric constant of 16.2, in comparison
with 11.7 and 12.9 for Si and GaAs, respectively. Together
with its high electron and hole mobility, Ge is especially
suitable for optoelectronic applications. Recently porous
germanium (PGe) has been produced [1-3] and multilayers
of PGe, fabricated by alternating layers of high and low
porosities, is expected to be used as high contrast photonic
crystals as well as efficient solar cells. In contrast to
extensive investigations on the porous Si, very few studies
have been done on PGe [4].

From the theoretical point of view, studies of electronic
band structure and optical properties can be achieved
mainly by two approaches: (1) ab initio, which is successful
in treating small systems and (2) semi-empirical, like tight-
binding (TB) calculations. The latter has the advantage of
being simple, suitable for complex systems, and its
experimentally determined parameters frequently include
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many-body correlation effects, otherwise difficult to be
considered in ab-initio calculations. For instance, the
density functional theory (DFT) underestimates the band
gap of semiconductors and insulators by 30-50% [5]. This
discrepancy can be overcome by introducing many-body
GW and/or DFT + U schemes [6]. However, this type of
calculations is extremely computing-time consumer, and
very hard to combine with supercell models.

In this work, we use a sp°s™ TB model to study the
electronic structure and optical properties of PGe. The
results are compared with those obtained from the DFT
calculations within the local density approximation (LDA).

2. Model and calculation scheme

The ordered PGe are modelled by means of the supercell
technique, in which columns of Ge atoms in [0 0 1] direction
are removed and the dangling bonds on pore surfaces are
saturated with hydrogen atoms having a H-Ge bond
length of 1.52 A. It is well known that within the TB appro-
ximation sp>s* is the minimal basis capable to reproduce
the indirect band gap. In this work, the parameters of Vogl
[7] are used, which reproduce an indirect gap of 0.76 eV for
bulk crystalline Ge (c-Ge). In addition, the H on-site
energy of 0.205e¢V and H-Ge orbital interaction para-
meters of ssoy_ge = —3.618 ¢V and spoy_g. = 4.081 ¢V are
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used, which are obtained by fitting the energy levels of
GeHy [8].

The electronic states of PGe are determined by
diagonalizing the TB Hamiltonian matrix, which dimen-
sion is SNg, + Ny, being Ng. and Ny numbers of Ge and H
atoms in the supercell, respectively. On the other hand, the
DFT-LDA calculations are performed by using the
CASTEP codes developed at Cambridge University [9],
which are considered to be one of the most precise DFT
plane-wave pseudopotential programs. A full geometry
optimization is performed in order to lead the atoms to
their minimal energy positions. All the numerical calcula-
tions are carried out at the ultrafine precision level within
MATERIALS STUDIO framework. The cutoff energy is
set at 900 eV due to the presence of H atoms [10]. In order
to overcome the band-gap underestimation of DFT, a
scissor operator of 0.2¢eV is introduced.

The imaginary part of the dielectric function (&) is
calculated from [11]:
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where |¥"> and |¥\°) stand valence- and conduction-
band eigenstates with energies Ey"” and Ey°, respectively, r is
the electron position, and € is the polarization of light. It is
worth to mention that ¢, is calculated by including both the
intra- and inter-atomic dipole matrices [11].

3. Results

Figs. 1(a) and (b) show respectively the electronic band
structures of ¢-Ge and PGe, obtained from TB (solid lines)
and DFT-LDA (open circles) calculations. For c-Ge the
primitive unitary cell of 2 Ge-atoms is used, while PGe is
modelled by a supercell of 6 Ge-atoms and 6 H-atoms, i.c.,
from an 8-atom c-Ge cubic supercell of side a = 5.65 A we
remove 2 neighbour Ge atoms and saturate the dangling
bonds on the pore surface by using 6 H atoms. The DFT-
LDA PGe band structure has been solidly shifted by
0FE =—1.071eV. Notice that there is a general good
agreement in these two approaches, except several conduc-
tion bands. In particular, DFT-LDA predicts a smaller
band gap in PGe. The difference of conduction bands is
mainly due to that s* has non d-wave symmetry and
additionally the geometry optimization is absent in the TB
calculations.

In order to study in detail the enlargement of the band
gap in PGe, we start from a c-Ge supercell of 200 atoms
formed by joining 25 eight-atom cubic supercells in the x—y
plane. Square pores are produced by removing 12, 24, 40,
60, 84, 112, and 114 Ge atoms from the 200-atom supercell.
The pores of 114 atoms are schematically illustrated in
inset of Fig. 2. The minimum energy of conduction band
(solid circles) and the maximum energy of valence band
(open circles) as functions of the porosity are shown in
Fig. 2. The enlargement of band gap (AE,) defined as the
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Fig. 1. (a) c-Ge and (b) PGe electronic band structures calculated by TB
(solid lines) and DFT-LDA (open circles).
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Fig. 2. Shifts of the conduction and valence band borders as a function of
the porosity for square pores sketched in the inset. The enlargement of
band gap (AE,) is plotted in Fig. 2(a) versus the inverse of the distance
between pore boundaries (d).

difference of PGe and c-Ge band gaps versus pore
separation (d) is logarithmically plotted in Fig. 2(a).
Observe that AE ocd™ with o =0.8-2.8 is around the
value expected by the effective mass theory [12].

The calculations of ¢, are carried out by means of Eq. (1)
for light polarized along [1 0 0] direction, i.e., perpendicular
to the pore alignment. In Fig. 3, & of obtained from the
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Fig. 3. Imaginary part of the dielectric constant (g;) for the same PGe
analyzed in Fig. 1(b) versus photon frequency (w), obtained from TB
(open circles) and DFT-LDA (solid circles) approaches. Inset: ¢, versus o
for c-Ge, in comparison with experimental data (solid line).

TB (open circles) and DFT-LDA (solid circles) calculations
for the same PGe structure analyzed in Fig. 1(b) is plotted
as a function of the light frequency (w). The corresponding
results of c-Ge are shown in the inset of Fig. 3, and they are
compared with the experimental data (solid line) [13]. It
can be noted that for the case of c-Ge both approaches
reproduce the main measured peaks of &. On the other
hand, up to our knowledge, there is no reported experi-
mental data of ¢, for ordered PGe. However, both TB and
DFT-LDA calculations predict a clear broadening of the
PGe optical band gap and the location of the low-energy
main peak around 3 eV, instead of 2.2¢eV for c-Ge.

4. Summary

We have presented a comparative study of the TB and
DFT-LDA approaches applied to PGe, which is modelled
by removing columns of Ge atoms from a c¢-Ge supercell
and the dangling bonds on the pore surface are passivated
by H atoms. The results of electronic band structure and e,
show a clear broadening of the band gap. This fact is not a
conventional quantum confinement effect, because there
are delocalized Bloch wave functions on the confinement
plane. However, these electron wave functions have nodes

at the pore surfaces and these extra nodes cause a type of
quantum confinement and consequently a band-gap broad-
ening, since wave functions with wavelengths longer than
the distance between nodes will not be accessible for the
system.

It is worth mentioning that this type of quantum
confinement is not only a peculiarity of supercell model,
but also occurs in the real PGe where columns intermingle;
producing alternative connections, and therefore carriers
could find paths from one quantum wire to another.
The supercell model for PGe presented above has the
advantage of being suitable for calculations of their
electronic and optical properties even using ab-initio
methods, emphasizing the interconnections between nano-
wires and at the same time, retaining main effects of the
quantum confinement.
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