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Using first-principles methods, we investigate the structural and electronic properties of SiGe nanowires-
based heterostructures, whose lattice contains the same number of Si and Ge atoms but arranged in a different
manner. Our results demonstrate that the wires with a clear interface between Si and Ge regions not only form
the most stable structures but show a strongly reduced quantum confinement effect. Moreover, we, with the
inclusion of many-body effects, prove that these nanowires—under optical excitation—display a clear electron-
hole separation property which can have relevant technological applications.
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The possibility to tailor the properties of semiconductor
nanostructures render them interesting for several important
technological fields. A variety of applications, using nano-
wires �NWs� as sensors,1 electronic,2 photonic,3,4 nano-
mechanical,5 nanoprocessors,6 and thermoelectric7 devices,
has been demonstrated. Many experimental8–14 and
theoretical15–26 studies have been carried out to investigate
the structural and optoelectronic properties of Si, Ge, and
SiGe NWs. It has been demonstrated that the quantum con-
finement effect �QCE� leads to an increase in the band gap
with decreasing wire diameter and, thus, to a blueshift of the
absorption and emission spectra. For SiGe NWs, particular
attention has been devoted to the core/shell NWs, where a
further possibility of tuning the band gap has been envisaged
by varying the composition of the heterostructures and the
geometry of interface between the two materials.20,23 More-
over the core/shell NWs exhibited important performance as
high-mobility FET’s �Ref. 12� and low-temperature quantum
devices13,14 showing their immense potential for fabrication
of a new generation of nanodevices, compatible with the
actual Si technology. Here we consider different types of
SiGe NWs, and we prove that the NWs, which exhibit a clear
interface between Si and Ge region, form the most stable
structures and show a strongly reduced QCE with respect to
the other ones. Indeed we demonstrate that in these NWs,
there is a clear spatial separation between Ge-related valence
states and Si-related conduction states. Moreover, the spatial
distribution of the lowest exciton obtained by the solution of
the Bethe-Salpeter equation �BSE� points out the electron-
hole �e-h� separation under optical excitation. We think that
this interesting property to quantum confine holes and elec-
trons in different region of the NW can become suitable for
developing new nanodevices such as Si-based solar cells.

The free-standing NWs considered here have an approxi-
mately cylindrical shape and are oriented along the �110�
direction �the preferred growth direction at small
diameters10� and with diameter ranging from 0.8 to 1.6 nm.27

The process of constructing the input geometry of the NWs
is the same in Refs. 17 and 21. The surface dangling bonds
are saturated with H atoms to remove the corresponding lo-

calized surface states from the fundamental energy-band-gap
range. Pure Si NWs and Ge NWs and SiGe heterostructures
�SiGe NWs� with fixed composition Si=0.5 and Ge=0.5
have been studied.28

The top views of the pure NWs are shown in Figs. 1�a�
and 1�b�. For the mixed SiGe NWs, we distinguish three
different types of structures, with the same composition, the
same geometry, but different distribution of the two types of
atoms �called homotops29�. The first one is random SiGe
NWs �random NWs�, where the distribution of the two type
of atoms in the lattice unit cell is completely random �see
Fig. 1�c��; the second one is mixed SiGe NWs �mixed NWs�,
in which a type of atom is bonded in a tetrahedral geometry
with four atoms of the other type �see Fig. 1�d��; and the last
one is half SiGe NWs �half NWs�, where one half of cross
section of the NW is made up of Si and the other half is
made up of Ge atoms �see Fig. 1�e��.

We performed ab initio calculations within the single-
particle density functional theory in the local-density ap-
proximation �DFT-LDA�, as implemented in the QUANTUM-

ESPRESSO package.30,31 In order to explicitly calculate the e-h
wave function and the distribution probability in real space
of the lowest exciton �for one of the half NWs�, we have
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FIG. 1. �Color online� Top view of �a� Si, �b� Ge, and �c� SiGe
random, �d� mixed, and �e� half nanowires with a diameter
d=1.2 nm. Yellow/light gray spheres represent Si atoms and
magenta/dark gray spheres represent Ge atoms, while the small
white spheres are H atoms used to saturate the dangling bonds.
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performed, on top of the one-particle calculation, a many-
body calculation of the charged and neutral excitations by
means of the self-energy �GW� and BSE approaches.32,33 In
the Green’s functions formalism, the solution of the BSE
corresponds to diagonalizing the following excitonic prob-
lem:

��ck − �vk�Acvk
� + �

c�v�k�

�cvk�W − 2V�c�v�k��Acvk
� = E�Acvk

� , �1�

where ��ck−�vk� are the quasiparticle energies obtained
within a GW calculation, W is the statically screened, V is the
bare Coulomb interaction, and Acvk

� are the excitonic ampli-
tudes. In this way the e-h wave function, corresponding to
the exciton energy E�, is obtained as

���re,rh� = �
c,v,k

Acvk
� �c,k�re��v,k

� �rh� . �2�

As first step, to have the information about the thermody-
namic stability of the NWs of interest, we have calculated
their formation enthalpy �FE� and we have investigated its
dependence on the atomic configuration in the unit cell and
on the wire’s diameter. This quantity useful for the synthesis
of the NWs has been calculated assuming zero pressure and
neglecting the vibrational contribution and the zero-point en-
ergy. To have a realistic description of the FE, which can be
comparable with the experiment, we have evaluated it in the
way proposed in Ref. 34,

���SinGemHl� = Etot�SinGemHl� − m ·
Etot�GeNHl�

N

− n ·
Etot�SiNHl�

N
, �3�

where Etot is the ground-state total energy of a given
SinGemHl NW and N=n+m. In Eq. �3� we are subtracting
from the Etot of the nanoalloy the appropriate fraction of the
configurational energy of the pure reference Si and Ge NWs.
The results are shown in Fig. 2.

The most stable structure is characterized by the lowest
value of ��. Observing the data, it is clear that at any diam-
eter, the most stable SiGe NWs are the half NWs. Increasing
the diameter, we note that the absolute value of the differ-
ence between the FE of different SiGe NWs increases. In
particular, it is possible to say that at large diameter, the SiGe

systems tend to segregate and not mix. In fact, at small di-
ameter, the difference of �� between mixed NWs and half
NWs is small �	0.10 eV�, while, increasing the diameter,
this difference becomes larger �	0.5 eV�. The behavior of
random NWs at small diameter is close to half NWs �at 0.8
nm the two values of �� practically coincide�, this is due to
the fact that when the diameter is small the number of pos-
sible configurations is low and so a random structure will be
more segregated �i.e., more close to a half NW� rather than
mixed �where there is not any form of segregation�. On the
contrary, at large diameter, the behavior of random NWs is
similar to that of mixed NWs; now the number of possible
configurations for a random NW is larger, the probability for
these NWs to be segregated is lower and the FE increases. In
conclusion, the segregation results in a gain in energy and for
larger diameter it is clearly favored with respect to any form
of mixing.

We aim to move now to the discussion of the electronic
properties of these NWs. Several theoretical studies have
demonstrated that the energy-band gap �EG� of �110� Si and
Ge NWs decreases monotonically with the wire’s
diameter,17,18,21,26 as a clear consequence of the QCE. Other
studies on SiGe core-shell NWs have shown a strong linear
composition dependence of EG.20,35 In the following we re-
port in Fig. 3, the trend of the electronic DFT-LDA EG as a
function of the wire’s diameter for mixed, random, half
NWs, comparing it with the corresponding trend in pure Si
and Ge NWs.

The trend for pure NWs is in very good agreement with
other studies.17,18 The most interesting result, here, is that the
half NWs show a strongly reduced QCE �RQCE�, which
appears to be more pronounced increasing the diameter of
the wire. This property is absent in mixed and random NWs,
which have EG very close to those obtained for pure Si and
Ge NWs, even if they have the same composition of the half
NWs �xSi=0.5 and xGe=0.5�. Thus it can be envisaged that
this effect must be related to the geometry of the NW, in
particular, to the configuration of the atoms in the unit cell
and to the presence of a clear interface between Si and Ge
regions. In particular, as we will show later on, its physical
origin is due to the type II band offset which comes out at the
interface between Si and Ge atoms36 and is related to a con-
sequent spatial carrier localization �SCL�. Since the contri-
bution to the QCE for Si and Ge is very different, this creates
a different alignment of the conduction and valence states
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FIG. 2. �Color online� Formation enthalpy for random, mixed,
and half SiGe NWs as function of their diameter. The same quantity
for the corresponding pure Si or Ge NWs is also shown �the two
curves here coincide, being both zero at any diameter�.
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FIG. 3. �Color online� DFT-LDA electronic gaps as a function
of NW diameter for random, mixed, and half NWs: a fixed compo-
sition. The corresponding gaps of pure Si and Ge NWs are also
shown.
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and as consequence a reduced EG compared to pure NWs of
the same diameter.

In order to quantitatively demonstrate this point, we re-
ported in Fig. 4 the position in energy relatively to the
vacuum level �taken as zero� of the valence-band maximum
�VBM� and the conduction-band minimum �CBM� �both at �
point since all NWs have a direct band gap� of pure Si and
Ge NWs. The vacuum level is calculated from the cylindrical
average local potential in the vacuum region, where it be-
comes a constant in the supercell.

In Fig. 4 we show also the energy variation in the VBM
�Ev and of the CBM �Ec, with respect to their values in the
largest NWs.37 We note that �Ev

Si is larger than �Ev
Ge, while

�Ec
Si is smaller than �Ec

Ge. Moreover, it comes out that the
ratio

�Ev

�Ec
is nearly 1 for Ge NWs, while it is nearly 2 for Si

NWs. Other studies, in zero- and one-dimensional
nanostructures18,38 proposed a similar quantitative analysis,
evaluating the shift from the bulk values of the conduction-
and valence-band edge due to the QCE. They found that the
EG opens with a fixed ratio of the valence to the conduction-
band-edge shift equal to 
2 for Si and to 
1 for Ge nano-
structures. Furthermore, the obtained trends of the VBM and
CBM energies are consistent with the experimental results
obtained for zero-dimensional nanostructures by Bostedt et
al.39 and van Buuren et al.40 who found that the QCE on Ge
nanocrystals is always stronger than in Si nanocrystals. Re-
garding the NWs, the results reported in Fig. 4 can give a
strong indication about the origin of Si/Ge band offset in the
half NWs and consequently the RQCE. When the QCE
opens the EG of the bulk material, we can note different
behaviors for the valence and conduction bands. The VBM
tends to be more shifted down for the Si than for the Ge
��Ev

Si��Ev
Ge�, so finally the edge of the valence band is

localized on the Ge region of the wire; whereas in the case of
the CBM an opposite behavior is observed, the shift is more
pronounced for Ge than for Si ��Ec

Ge��Ec
Si�, thus the edge

of the wire’s conduction band is localized on the Si region.

The calculated projected density of states �PDOS� re-
ported in Fig. 5 for the half NWs with a diameter of 1.6 nm
is a clear confirmation of this analysis. The projection is
done onto the atomic orbitals of each atom in the NWs.

The PDOS shows, clearly, that the contribution to the total
DOS �black-solid line� of the NW is principally due to Ge
atoms �red-dashed line� for the valence and to Si atoms
�blue-dotted line� for the conduction states. To understand
this point deeper, we have carefully analyzed the spatial lo-
calization of the electronic wave functions of the VBM and
CBM, in all the SiGe NWs with a diameter of 1.6 nm re-
ported in Fig. 6.

Three important conclusions can be drawn from Fig. 6: �i�
the half NWs show a clear localization of the conduction
states on Si atoms and of the valence states on Ge atoms; we
found that this property is more pronounced by increasing
the diameter �such as the behavior of the EG�, �ii� the shape
and the localization of the VBM and CBM wave functions
for mixed NWs are very similar to that of the pure NWs and
do not present any hint of a spatial localization of the states
on a specific material, and �iii� in random NWs, one can
recognize some regions, where a partial spatial localization
of the electronic states—near Si or Ge atoms—is present.
Also here the VBM is preferentially localized on Ge islands,
while the CBM on Si islands. Then, the SCL is strictly re-
lated to the NW geometry: in particular, it depends on the
dimension of the interface between Si and Ge regions. In fact

FIG. 4. �Color online� Variation in the VBM and CBM energies
as a function of the diameter for pure Si �top� and pure Ge �bottom�
NWs.
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FIG. 5. �Color online� Total density of states �black-solid line�
and PDOS on the different atoms in the NW for half NW
�d=1.6 nm�. Ge atoms �red-dashed line�, Si atoms �blue-dotted
line�, and H atoms �brown-dot-dashed line�.
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FIG. 6. �Color online� VBM �top� and CBM �bottom� wave-
function localizations for ��a� and �d�� mixed, ��b� and �e�� random,
and ��c� and �f�� half SiGe NWs with diameter d=1.6 nm. Yellow/
light gray spheres represent Si atoms and magenta/dark gray
spheres represent Ge atoms, while the small white spheres are H
atoms used to saturate the dangling bonds.

REDUCED QUANTUM CONFINEMENT EFFECT AND… PHYSICAL REVIEW B 79, 201302�R� �2009�

RAPID COMMUNICATIONS

201302-3



this effect is very pronounced on half NWs that exhibit a
large Si/Ge interface in the transverse section of the wire; it
is present in random NWs, which show some small inter-
faces between Si and Ge islands and it is completely absent
in mixed NWs, where there is not any Si/Ge interface.

The present analysis is strongly confirmed by the many-

body localization of the lowest exciton of the half NW with
d=1.6 nm, as obtained by the solution of the BSE and
shown in Fig. 7. Fixing the hole position on top of the central
Ge atom near the Si/Ge interface, the electron distribution
probability is clearly localized on the Si-atoms region, con-
firming a straightforward tendency to an e-h separation in
these types of NWs.

From the bottom panel of Fig. 7, an exciton localization,
along the wire axis, of about 25 Å can be estimated. The
strong e-h pair separation can play an important role in solar
cell devices.41,42 Moreover, by suitable doping in different
regions, one can envisage important technological applica-
tions of these SiGe NWs, as advanced thermoelectric
materials7,43 and in quantum computing.44
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FIG. 7. �Color online� Top �left panel� and side �right panel�
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dangling bonds. The isosurface of the e-h distribution probability is
shown in celestial.
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