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Abstract

Low dimensional systems, such as nanodots, nanotubes, nanowires, have attracted great interest in the last years, due to their possible
application in nanodevices. It is hence very important to describe accurately their electronic and optical properties within highly reliable
and efficient ab-initio approaches. Density functional theory (DFT) has become in the last 20 years the standard technique for studying
the ground-state properties, but this method often shows significant deviations from the experiment when electronic excited states are
involved. The use of many-body Green’s functions theory, with DFT calculations taken as the zero order approximation, is today
the state-of-the-art technique for obtaining quasi-particle excitation energies and optical spectra. In this paper we will present the current
status of this theoretical and computational approach, showing results for different kinds of low dimensional systems.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Semiconductor device fabrication shows a remarkable
trend towards miniaturization, driven by many scientific
and technological innovations. The size of device compo-
nents is now reaching the nanometric scale, which is the ac-
tual fabrication technological limit. This limitation could
be overcome by substituting traditional inorganic semicon-
ductor components with single nanostructures, such as
nanowires, nanotubes, or organic molecules. It is therefore
important to study these systems in order to understand
their properties and possible electronic and optoelectronic
applications. Theoretical calculations can help in the inter-
pretation of experimental results, and, more importantly,
may be useful in predicting structural, electronic, optical,
and transport properties to help to realize more efficient de-
vices. Density functional theory (DFT) [1]is a single-parti-
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cle approach successfully used to calculate the ground-state
electronic properties of many-electron systems. However,
when physical phenomena involving excited states are stud-
ied, it is necessary to include many-body effects, through
Green’s function theory. The use of many-body perturba-
tion theory [2], with DFT calculations as zero order
approximation, is nowadays the state-of-the-art to obtain
quasi-particle excitation energies and dielectric response
in an increasing number of systems, from bulk materials
to surfaces and nanostructures. A general discussion of
the theoretical framework will be presented in the next sec-
tions, while some examples of applications to systems of
different dimensionality will be given in the last section.

2. Theoretical background
In this section we will briefly discuss the main equations

of the theoretical ab-initio framework used here, in order
to resume the different levels of approximations. First,
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through a DFT calculation within local density approxima-
tion (LDA) [2,3], with the use of norm-conserving pseudo-
potentials [4], the geometrical structure of the relaxed
ground-state configuration of the system has been ob-
tained, solving self-consistently the one-particle Kohn—
Sham (KS) equations [5]:
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where V. is the external potential to due the ions, Vy is
the Hartree potential, V,. is the exchange-correlation
potential.

Being the DFT a ground-state theory, there is no rigor-
ous justification to interpret the KS eigenvalues ¢; as elec-
tron addition or removal energies. As a consequence, the
calculated DFT-LDA electronic band gaps of semiconduc-
tors and insulators severely underestimate the experimental
ones [6]. Moreover it is well known [6] that also the optical
spectra calculated at the DFT-LDA level, not only under-
estimate peak energies, but miss relative peak intensities. In
order to give a proper description of the electronic excited
states of a system, the Green’s function formalism can be
used [6].

The quasi-particle excitation energies are the poles of the
one-particle Green function and are determined as solu-
tions of the quasi-particle equation which is similar to the
Kohn-Sham equation, where a non-Hermitian, non-local,
energy dependent self-energy operator X [7] replaces the ex-
change-correlation potential. In practical calculations the
self-energy is approximated by the product of the Kohn—
Sham Green function G times the screened Coulomb
interaction W obtained within the random phase approxi-
mation (RPA): ¥ =iGW (see Ref. [8] and references
therein).

Moreover, a first-order perturbative solution of quasi-
particle equation is used, with respect to X — V... In this
way the quasi-particle energies are obtained as
QP _ [LDA
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where f3; s the linear coefficient in the energy expansion of X.
Once the quasi-particle energies and wavefunctions are

known we are able to evaluate the macroscopic dielectric

function epg(w) which can be compared to the experimental

evidence. Indeed ep(w) is defined as [9,10]
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This formula relies on the fact that, although in an inhomo-
geneous material the macroscopic field varies with fre-
quency » and has a Fourier component of vanishing
wavevector, the microscopic field varies with the same fre-
quency but with different wavevectors ¢ + G. These micro-
scopic fluctuations induced by the external perturbation are
at the origin of the local-field effects (LF) and reflect the spa-
tial anisotropy of the material. The evaluation of ey(w)

within the linear response theory, in the independent parti-
cle approximation leads to the RPA dielectric function.

At this level, even if GW corrections are included, still
no good agreement with the experimental results is found.
In particular one finds optical spectra with peaks often at
higher energies than the experimental ones and with wrong
relative intensities.

In order to describe correctly the spectroscopic pro-
cesses, where electron—hole pairs are created, the inclusion
of the self-energy corrections alone, to the DFT eigen-
values, and the inclusion of local-field effects, are still not
enough. The solution of the Bethe-Salpeter equation
(BSE), where the coupled electron—hole excitations are in-
cluded [6], is required. Detailed discussions about this
equation are already present in the literature [6]; here, we
just recall that its solution involves the study of the follow-
ing excitonic Hamiltonian:
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where n; refer to energy indexes of Kohn—-Sham states. The
kernel E contains two contributions: v, which is the bare
coulomb interaction where the long range part correspond-
ing to vanishing wave vector is not included (which describes
local-field effects), and W, the attractive screened coulomb
electron—hole interaction. Using this formalism and consid-
ering only the resonant part of the excitonic Hamiltonian

[6], the macroscopic dielectric function comes out to be
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In Eq. (4) the dielectric function, differently from the RPA
approximation, is given by a mixing of single-particle tran-
sitions weighted by the excitonic eigenvectors A;. More-
over the excitation energies in the denominator are
changed from e.— ¢, (single-particle energy transitions)
to E; which are the excitonic eigenvalues.

3. Applications: from surfaces to nanostructures

In this section, we will describe how many-body effects
influence the electronic and optical properties of three sys-
tems of different dimensionality: the (100) surface of dia-
mond, the GeyH;, [100] germanium nanowire and the
SijoH 6 nanodots.

3.1. The reflectance anisotropy spectrum of (100) surface
of diamond

The C(100) surface is an emblematic case, which dem-
onstrates the importance to introduce many-body effects
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Fig. 1. Panel (a): Experimental RA spectrum of C(100) (solid line), see
Ref. [13] for more details. Panel (b): Theoretical RA spectrum (solid line),
with excitonic, self-energy (GW) and local-field (LF) effects included.
Theoretical RA spectrum (dashed line) with only self-energy (GW)
corrections. The labels 4., and B, indicate the two bound excitons
corresponding to the two one-particle transitions between the n and ©*
surface states, indicated with labels A and B. Inset of Panel (b): e;(w) of
bulk diamond: experimental curve (dots), theoretical curve with
GW + LF + EXC (solid curve), and including only GW corrections
(dashed curve).

for an appropriate description of the measured optical pro-
perties. In fact, as can be seen from Fig. 1, the theoretical
optical spectrum, obtained at the independent-quasi-
particle (IQP-RPA) level (dashed curve, panel (b)), dramat-
ically differs from the experiments' (solid curve, panel (a)),
because the two peaks A and B are at too high an energy so
that the strong negative contribution above 4.5 ¢V, is not
reproduced. Inclusion of the excitonic effects has a very
strong effect, and yields good agreement with the experi-
ment (see the solid curve, panel (b)). Two strongly bound
excitons (Aex and B.), with calculated energy peaks in
close agreement with the experimental structures at 3.1
and 3.8 eV, develop from the corresponding one-particle
transitions (A and B). Furthermore the deep negative fea-
ture of the reflectance anisotropy (RA) spectrum above
the electronic gap, is well reproduced. Finally we underline
that the calculated binding energy of the two excitons is
0.9 eV, the largest ever found for semiconductor surfaces.

3.2. Germanium nanowires

In Fig. 2, we report the imaginary part of the dielectric
function of Ge [100] wire with diameter of 0.4 nm for light
polarized along the growth axis and perpendicular to it.
These spectra are calculated for an inter-wire distance

! The reflectance anisotropy spectroscopy (RAS) [11,12] is an experi-
mental technique used nowadays as a practical tool to characterize
surfaces and interfaces. It is a high resolution and non-destructive optical
technique that achieves surface sensitivity by measuring the difference in
reflectivity of normal incident light, for two perpendicular directions on a
surface. This geometry leads to a cancellation of the bulk contribution for
cubic crystals [12].

(minimum distance between wire surfaces), equal to
D =10 A, which leads to nearly isolated wires. The first
row of each panel shows the optical spectrum obtained at
the RPA level, confirming essentially the results obtained
in Ref. [14]. The second row shows how the dielectric re-
sponse is modified by taking into account the inhomogene-
ity of the system (RPA + LF). In particular, including the
so called local-field effects, we observe a small change of the
optical spectrum for light polarized along the wire axis,
while we point out an important intensity reduction for
the perpendicular light polarization (right panel). The rea-
son that RPA, without LF, fails for | polarization is due
to the depolarization effect [15] which is created by the
polarization charges induced in the system. The depolariza-
tion is accounted only if LFs are included, and is responsi-
ble of the suppression of the low energy absorbtion peaks
in the | direction, rendering the wire almost transparent
below 8eV. A similar anisotropic behaviour, found in
other first-principles calculations on nanotubes [15,16]
and nanowires [17,18], has been observed in the optical
absorption of carbon nanotubes [19], in the photolumines-
cence spectra of porous silicon [20] and in the optical gain
in silicon elongated nanodots [21].

The third row of each panel reports both the absorption
spectra when self-energy corrections (GW) and self-energy,
local-field and excitonic effects (GW + LF + EXC) are
taken into account. For perpendicular light polarization
(right panel), the GW + LF + EXC spectrum is rather sim-
ilar to the RPA + LF curve, whereas for parallel light
polarization, a big transfer of the oscillator strength to
the low energy peaks is observed, due to the presence of
strongly bound excitons, together with a reduction of the
Sommerfield factor above the electronic gap (as predicted
in simplified models [22,23]). Large exciton binding ener-
gies, due to the larger overlap of electron and hole wave-
functions inside the wire, come out.

Regarding this GeNW, we aim to discuss also how the
inter-wire distance can strongly affect the optical absorp-
tion. This is a point of particular importance since experi-
mentally, very often, the individual wires are close packed
and can interact with each other via long-range forces in-
duced by the excitations.

In Fig. 3 are reported the theoretical optical spectra cal-
culated for a solid of interacting nanowires with inter-wire
distance D,,_,, =3 A, using the same notation of Fig. 2.
Looking at the top and central row, we first note that the
depolarization effect is much weaker: the packing effect
makes the wire, no more transparent for light polarized
perpendicular to the axis. Furthermore, reducing the
inter-wires distance, an important effect on the GW correc-
tions and on the electron—hole interaction are observable.
In fact, comparing the lower row of Fig. 3 with the corre-
sponding one of Fig. 2 we can observe a reduction of the
opening of the DFT gaps, due to the GW corrections,
and also a reduction of the excitonic binding energy.

The spectra for light polarized along the wire axis, after
the inclusion of all many-body effects are quite similar to
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Fig. 2. Imaginary part of the dielectric function of an isolated [100] GeNW (D = 0.4 nm). Left panels: light polarized along the wire axis; right panels:
light polarized perpendicularly to this axis. The reader should note the different scale of the vertical axes in the panels. The dashed areas correspond to the

calculations including all many-body effects.
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Fig. 3. As in Fig. 2 but for a solid of interacting nanowires.

those shown in Fig. 2. This is probably due to the lack of
local-field effects and to a strong confinement of excitons
within each wire, with respect to the DFT electron states.
As a consequence, excitons in different wires behave quite
independently for this light polarization.

3.3. Silicon nanocrystals

The importance of many-body effects in the study of low
dimensional systems is well exemplified by the emission and
absorption spectra of Silicon nanocrystals (Si-nc). These
have attracted increasing interest because of the possibility
to engineer luminescing transitions in an otherwise indirect
gap material [24]. It is generally accepted that the quantum

confinement, caused by the restricted (nanometric) size, is
essential for the visible light emission in Si nanostructures.

Still the exact role of defects, doping, and interface
structure in the photoluminescence (PL) spectra have to
be clarified. In particular, the PL properties of embedded
Si-nc in SiO, suggest that oxygen induces important mod-
ifications in the electronic and optical properties of silicon
nanocrystals [25]. In Fig. 4 we show the calculated absorp-
tion and emission spectra for a small Si nanocluster, the
SijoH6, and the corresponding optical spectra in the case
of SijoH 40, where two hydrogen atoms have been substi-
tuted by a oxygen atom in a bridge configuration (see
Fig. 5). Absorption and emission are calculated in the
geometries corresponding to ground and excited states,
respectively, where the excited state corresponds to the
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Fig. 4. (a) Imaginary part of the dielectric function of Si;oH;¢ nanocluster.
Solid line: emission; dashed line: absorption. (b) Imaginary part of the
dielectric function of SijoH;40 nanocluster. Solid line: emission; dashed
line: absorption. Inset: experiment by Ma et al. [25].
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Fig. 5. Geometries of (a) SijoHi¢ and (b) SijoH;40 nanoclusters. Left:
ground-state geometries; right: excited state geometries.

electronic configuration in which the highest occupied sin-
gle-particle state (HOMO) contains a hole (4), while the
lowest unoccupied single-particle state (LUMO) contains
the corresponding electron (e).

Excitonic, local-field and self-energy effects are included.
A strong photoluminescence peak appears around 1.5eV
in the case of Si;oH40, due to a bound exciton with a large
binding energy of ~2 eV. The resulting emission spectrum
well compares with the experimental spectrum of Ma
et al. [25] shown in the inset. Our results suggests that the
presence of a Si—O-Si bridge bond at the surface of Si-nc
can explain the nature of luminescence in Si nanocrystal-
lites embedded in SiO».

4. Conclusions

In the present paper we have summarized the ab-initio
theoretical and computational scheme, obtained from a
combination of density functional and many-body pertur-
bation theories, which nowadays allow the calculation of
both ground and excited state properties of many materi-
als. We have illustrated the quasi-particle equation and
the GW approximation which yields quite accurate results
in many materials, and the Bethe—Salpeter equation needed
to describe the electron—hole dynamics. Some examples,
where many-body effects strongly influence the dielectric
response have also been given. As a rule, the optical prop-
erties of low dimensional systems like surfaces, thin quan-
tum wires and small nanocrystals are greatly affected by the
electron-hole interaction and strongly depend on shape
and size.
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