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Abstract Mixed SiGe:H nanocrystals have been studied within the framework
of Density Functional Theory. (DFT) using the hybrid non-local exchange-correla-
tion functional of Becke, Lee, Parr and Yang (B3LYP). In addition to ground-state
DFT/B3LYP calculations, excited-state calculations for the determination of the opti-
cal absorption spectrum have been performed employing the time-dependent density
functional theory (TDDFT). In order to fully investigate the substitution of Siby Ge, on
structural, cohesive, electronic and optical properties, we have used the Si,Ges7_,:H
nanocrystal, as a representative medium size nanosystem. Our results show that the
optical gap depends not only on the relative concentrations of silicon, germanium
and hydrogen, but also on the relative position of the silicon and germanium shells
relative to the surface of the nanocrystal. This is also true for the structural, cohesive
and electronic properties. This dependence allows for the possibility of electronic and
optical gap engineering.
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1 Introduction

The possibility of tunable photoluminescence from silicon and silicon-like (e.g., ger-
manium) nanocrystals, as well as from porous silicon, p-Si, composed of Si nanocrys-
tals, has stimulated intensive research on this type of materials over the last decade
[1-21]. Until recently [17-21], silicon nanocrystals have practically “monopolized”
the interest of the researchers. A large portion of this type of work has been devoted
to understanding the visible photoluminescence of these materials and its dependence
on the diameter of the nanoparticles (or equivalently, the porosity of p-Si). It is
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widely accepted and well established by now (see for instance Ref. [14—17]) that the
luminescence of unreconstructed oxygen-free Si nanocrystals (of well defined diam-
eter) is mainly due to quantum confinement of the corresponding nanoparticles. This
is also true for Ge nanoparticles and porous germanium [17-20].

By varying the diameters of the nanocrystals (or equivalently the porosity of porous
silicon) intense PL can be obtained across the visible spectrum, which could never
have taken place for bulk crystalline silicon with a band gap of 1.2eV. Quantum con-
finement is responsible for the opening of the gap in silicon from the 1.2eV bulk
value, to values of 6-7eV (for small nanocrystals). For larger nanocrystals (larger
than 2.5nn) the enlarged gap falls into the visible region of the spectrum (2-3¢eV),
while for even larger (larger than about 4 nm) the optical gap falls below the visible
range. These large values of the gap for small size nanocrystals, obviously are equally
undesirable for optical applications as the shrinking of the gap for larger nanocrystals
and bulk silicon.

One way of adjusting the gap to desired values is the size of nanocrystals (or the
porosity in p-Si). The other obvious way is substitution of Si atoms by different atoms
with similar properties (Ge) or doping. Here we will examine the first possibility. It
is anticipated that the effect of over-opening of the gap at small sizes of nanocrystals
would not be so strong for Ge nanocrystals [19] due to the smaller band gap of bulk
Ge, compared to bulk Si. However, if we consider only pure germanium hydroge-
nated nanocrystals, the possibilities of adjusting the optical gap (and the band gap) are
limited only to proper size selection (if we ignore reconstruction or oxygen contamina-
tion). The possibility of combining the advantages of Si (in the electronic properties)
with those of Ge (especially structural and mechanical properties) is an intriguing
and very promising possibility, for the development of optoelectronic nanodevices.
Needless to say, that, not only the minimum critical diameter of the nanocrystals for
visible PL is important, but also the maximum possible diameter. With this in mind,
we have examined the optical and electronic properties of mixed nanocrystals of the
form Si,Ge,:H;, where z is determined by the sum of x + y. For the particular case of
Si,Ges7—:Hgp nanocrystals we have studied in detailed the variation of the cohesive,
electronic and optical properties as a function of x.

2 Technical details of the calculations

All calculations in this work are based on time dependent density functional theory
(TDDFT) [22] employing the nonlocal exchange-correlation functional of Becke, Lee,
Yang and Parr (B3LYP) [23]. The accuracy of these calculations (TDDFT/B3LYP) for
the optical gap has been tested before by high level multireference second-order per-
turbation theory (MR-MP2) for the case of Si nanocrystals, with excellent results [15].

The size of the nanocrystals considered here ranges from 5 to about 20 A. This cor-
responds to values of x and y from 5 to 99 Si or Ge atoms and to values of z between
12 and 100 H atoms (a total of about 199 atoms). The symmetry of the nanocrystals
is Ty and their geometries have been fully optimized within this symmetry constraint
using the hybrid B3LYP functional. To preserve the Ty symmetry, we substituted
shells of silicon (rather than isolated atoms) by equivalent germanium shells. This
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choice introduces an additional restriction on the variation of Si concentration. The
optical gap, for the nanocrystals constructed in this way, was calculated using the
time-dependent density functional method [22], B3ALYP/TDDFT, as the energy of the
first allowed electronic excitation (within the Ty symmetry constrain). The optical
gap and the electronic density of states (DOS), was calculated for a large variety of
nanocrystals.

For the particular case of Si,Ges7—y:Hgp, we have examined in detailed most of
the structural (bond length distribution), cohesive (binding energies), electronic (DOS,
electronic gaps) and optical (lower part of absorption spectrum) properties as a function
of the concentration x. In addition, for the same concentration x we have considered
alternative ways of substitution of the shells of silicon atoms by germanium.

The bulk of our calculations were performed with the TURBOMOLE [7] suite of
programs using Gaussian atomic orbital basis sets of split valence [SV(P)]: [4s3p1d]/
[2s] quality [11].

3 Results and discussion
3.1 Structural and cohesive properties

Representative geometries of SiyGe,:H; nanoclusters are shown in Fig. 1 for various
concentrations and substitutions, for the particular case of x + y = 71. The bonding
characteristics of the various structures can be easily visualized and described graphi-
cally in a synoptic way, through the bond-length distributions. In Fig. 2 we present the
bond-length distribution for the family of Si,Ges7_,:Hgo nanocrystals, for various val-
ues of x. As we can see in the figure the Si—Si distribution has a peak around 2.48 A for
the first shell of neighbours (connected to the central atom) and a second peak around
the 2.37 A for the rest of the silicon atoms. This second peak, corresponding to shorter
bond-lengths by 0.1 A, is more or less constant, with a tendency to approach the bulk
value of 2.36 A for larger nanocrystals. This is also true for Ge—Ge bonds. Comparing
Fig. 2a and b we can see that in both cases the bonds of the central atom with the first
shell of neighbours are longer by 0.1 A. We also observe in Fig. 2¢ and f that there are
no Ge-Ge bonds in the nanoparticles, although there is a significant amount of ger-
manium atoms. This indicates that the particular germanium shells are bonded only to
shells above or/and below, consisting of silicon atoms. As was explained earlier, with
the same concentrations (x, y and z) more than one nanocrystals can be constructed.
Moreover, since the Ge substitutions in the present work deal with spherical shells
of neighbours rather than with individual atoms, we can distinguish two classes of
nanocrystals with the same concentrations; those with the Ge atoms in the inner core,
and those with the Ge atoms in the outer shells (“surface”). The structural and cohesive
characteristics are different in the two cases. As we can see in Fig. 3, we have two dis-
tinct curves (parallel lines) depending on the exact location of the Ge layer relatively
to the surface of the nanocrystals. It is clear from this plot that it is preferable to have
the Ge atoms in the “inner” part of the nanocrystal. This tendency must be related
with the effect of hydrogen. Without the hydrogen passivation of the dangling bonds,
it would be natural (energetically favoured) for the Ge atoms to segregate onto the
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Fig.1 A succession of Ge-layers depositions corresponding to the SiyGey:H; nanocrystal with x +y =71
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Fig. 2 Bond distribution in SixGeyq7_y:Hgg for x =0, 1, 5, 17, 29, 35, 47. The Ge-Ge, Si—Ge and Si-Si
bond distributions are shown separately. The constant number of the hydrogen atoms (60) is not shown in

the graphs

surface in order to minimize the cost of the dangling bonds. Indeed, as was stated by
Tarus et al. [24], for hydrogen-free SiGe nanoclusters, germanium tends to segregate

onto the surface.

3.2 Electronic properties

In Fig. 4 we have plotted the density of states (DOS) for three typical nanocrystals
(one Si-rich, one Ge-rich and one of about equal concentrations of Si and Ge). The
DOS curves were generated from the eigenstates of the ground state calculations with
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Fig. 3
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Fig. 4 Electronic density of states (DOS) of representative nanocrystals

a suitable gaussian broadening. Careful examination of the figure reveals that the
largest variation with the Ge concentration occurs in the valence band edges, while
the conduction band edge is relatively insensitive.

The “band structure” or DOS gap corresponds in real space to the energy separation
of the highest occupied (HO) and lowest unoccupied (LU) molecular orbital (MO).
The variation of the HOMO-LUMO gap as a function of x is shown in Fig. 5 for
Si,Ges7—:Hgp. This plot includes, for the same or similar concentration x, both types
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atoms (47—x). (b) The highest occupied molecular orbitals (HOMO) for several nanocrystals
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Fig. 6 The optical absorption Optical absorption spectrum of mixed
spectrum of of SiyGes7_,:Hgo Sy .
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(inner and outer) of silicon substitution by germanium. We can distinguish clearly the
two sets of points (disjoint curves). Surprisingly enough, the larger HOMO-LUMO
gaps correspond to germanium atoms lying in the surface region, which as we have
seen in Fig. 3 is not energetically as stable as the opposite case. For homogeneous
similar molecular systems we would expect that the larger HOMO-LUMO gap would
correspond to the structure of lowest energy. However, in cases where cohesion and
reactivity are due to different mechanisms, this is not necessarily the case. Perhaps
something similar is happening here. As we can see in Fig. 6, the HOMO orbitals are
well localized around germanium sites, and therefore they are sensitive to the exact
location of germanium shells. On the other hand, the LUMO orbitals, corresponding
to the conduction band-edges, as we can see in Fig. 4, are relatively insensitive to the
number and position of germanium atoms.

Calculations of the HOMO-LUMO gap of mixed Si,Ge, :H, nanocrystals have also
been recently performed by Yu et al. [21], specifically for nanocrystals with a total
number of Si and Ge atoms of 71 (x + y = 71). These calculations are based on den-
sity-functional theory (DFT) in the local-density approximation (LDA). The resulting
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HOMO-LUMO gaps range from 3.3 to 4.1 eV corresponding to the pure Ge and pure
Si nanocrystals, while our results give 4.0 eV for the pure Ge nanocrystal and 4.6 eV
for the pure Si nanocrystal. The small differences can be attributed to the use of LDA
approximation which is known [13—17] to underestimate both the HOMO-LUMO and
the optical gaps. Furthermore, the gap dependence on Ge concentration is practically
linear in their work. The difference from the present results apparently is due to the
different distribution of Ge atoms. Instead of shells of atomic neighbours, used in the
present work, the Ge atoms in Ref. [21] are distributed more homogeneously, and they
are allowed to diffuse through the shells.

3.3 Optical properties

In Fig. 6 we plot the excitation spectrum of Si,Ges7_: Hgp nanocrystals as a function
of x. The shrinking of the spectrum and of the optical gap is very clear as the content
of germanium increases. This plot corresponds to germanium atoms in the interior of
the nanocrystals.

The exact behaviour of the optical gap, for both types of substitutions is shown
in Fig. 7. The values for the optical gap (for x # 0or47) are intermediate between
those of pure Si and pure Ge. This is true for all sizes of nanocrystals. We observe
that, in analogy to Fig. 5 for the HOMO-LUMO gap, we have an upper and a lower
curve meeting at the end-points. The upper part of the curve, in analogy to the HOMO-
LUMO gap, corresponds to germanium shells lying in the outer part of the nanocrystal.
For a possible interpretation one could speculate that, since the lower portion of the
curves corresponds to inner cores of germanium, one could expect that the gap would
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Fig. 7 The variation of the optical gap as a function of the number of silicon atoms, for the two categories
of SiyGeq7_,:Hgp crystals
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decrease with increasing core size (in agreement with quantum confinement). If this
is the case, then the outer silicon shells would effectively play the role of surface
passivants. Since quantum confinement is stronger for Ge than Si [21] (the effective
Bohr radius of the exciton in Ge is larger than that in Si) the opposite arrangement
would lead to weaker gap reduction and the net effect could be the “looping” curve
of Fig. 7. Thus, in principle the gap (and the general properties) of these nanosystems
could be adjusted not only with the size and the relative concentration of Si and Ge
atoms, but also with the relative position of the atoms with respect to the surface.

4 Conclusions

We have shown that, indeed, the mixed SiGe nanocrystals have optical and electronic
properties intermediate between those of pure Si and Ge nanocrystals. The large vari-
ety of optical and band gaps depends, not only on the size of the nanocrystals and
the relative concentrations of Si and Ge, but also on the relative spatial distribution of
the Ge atoms with respect to the surface of the nanocrystals. These added degrees of
freedom in the future design of such (and similar) systems, could greatly enhance the
possibility of electronic and optical gap engineering.
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