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Germanium/Germanium-Silicon core/shell nanowires are expected to play an important role in future elec-
tronic devices. We use first-principles plane-wave calculations within density-functional theory in the gener-
alized gradient approximation to investigate the structural and electronic properties of bare and H-passivated
Ge nanowires and core/shell Ge/Ge-Si, Ge/Si, and Si/Ge nanowires. The diameters of the nanowires considered
are in the range of 0.6–2.9 nm and oriented along �110� and �111� directions. The diameter, the surface
passivation, and the substitutional effects on the binding energy, band structure, and effective mass are exten-
sively investigated considering the relative contribution of quantum confinement and surface effects.
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I. INTRODUCTION

Nanowires �NWs� are among the most interesting nano-
structures as the charge carriers are confined in two direc-
tions but are still free to move along the wire. Their very
large aspect ratio results in many interesting properties that
allow for different applications from their bulk or quantum
dots forms. The range of potential applications of NWs keeps
growing and includes developments in the fields of
optoelectronics,1,2 device miniaturization,3 field-effect
transistors,4,5 and photovoltaic cells.6–8

Since Si and Ge have many common properties such as
adopting the diamond crystal structure, having the same
number of valence electrons or having indirect band gaps,
they are used jointly in developing technologies and applica-
tions. In the literature, Ge and Si NWs grown along different
directions with or without hydrogen saturation have been
extensively studied both experimentally and theoretically.9–16

However, the type of surface reconstruction and the quantum
confinement effects on nanowires remain important topics as
Si NWs with diameters down to 1 nm were recently
synthesized,17,18 emphasizing both the quantum confinement
and the surface effects.

Recently, core/shell type nanowires have been drawing
most of the interest of the NW community. Although many
experimental studies have been conducted on the synthesis
and characterization of core/shell heterostructured nanowires
such as GaAs/AlGaAs, ZnO /TiO2, ZnO/ZnS, GaN/GaP, the-
oretical investigations are not numerous.19–25 After the ex-
perimental work of Lauhon et al.26 on core/multishell nano-
wire structures, Ge-Si core/shell heterostructures have come
through for their potential applications in nanowire-based de-
vices. Only a few theoretical investigations of this system
have been published so far. Musin and Wang27 have com-
puted the composition and size effects on the band-gap en-
ergy of Ge/Si and Si/Ge core/shell nanowires with orienta-
tions in the �110� and �111� directions, highlighting the
nonlinear composition dependence of the band-gap energy
against the NW’s diameter and the shell thickness. Migas
and Borisenko28 have further discussed the direct vs indirect
band-gap electronic structure of fully hydrogen-passivated
SiGe, Ge/Si, and Si/Ge core/shell NWs in comparison with
pure Si and Ge NWs oriented in the �001� direction.

In the present paper, we describe the structural, energetic,
and electronic properties of Ge/Ge-Si core/shell NWs com-
puted using first-principles calculations within the general-
ized gradient approximation �GGA�. Our calculations in-
clude the surface reconstruction for bare Ge NWs, the effect
of the hydrogen passivation of the surface, the relationship
between the band gap and the diameter of the NWs, and the
presence of substitutional Si atoms on the surface of the
wire. We consider nanowires which have their axes oriented
in both the �110� and the �111� directions29 and with diam-
eters ranging from 0.6 to 2.9 nm.30

II. METHOD

We have performed first-principles calculations based on
density-functional theory �DFT� �Ref. 31� using projector
augmented wave potentials.32 The exchange correlation was
described in the33 GGA using the PW91 �Ref. 34� functional
as implemented in the VASP code.35 A plane-wave expansion
of the wave functions up to a kinetic-energy cutoff of 325 eV
has been employed in order to reach a convergence of the
total energy within less than 10−5 eV /atom. The nanowire
geometries are initially constructed from the bulk diamond
structure. With these settings, the bulk properties of germa-
nium and silicon, such as their lattice constant and band
structure are fully converged. As expected with the GGA
approximation, the equilibrium lattice constants are overesti-
mated. The calculated lattice parameter of bulk Ge is 5.77 Å
which is 2% larger than the experimental value but very
close to the other theoretical lattice constants.36,37 In the
present GGA-DFT calculation, the bulk Ge gap vanishes
similarly to what was obtained in Ref. 38 and the indirect
band gap of bulk Si is found to be equal to 0.63 eV. The
width of the band gap is thus underestimated by about 0.66
eV in bulk Ge and 0.47 eV in Si. We performed test calcu-
lations with other functionals and found that the Wu-Cohen
functional yields a finite, but still underestimated, energy gap
of 0.34 eV for bulk Ge. The shape of the band structure is,
however, similar to the results from a PW91 functional cal-
culation. The Brillouin zone integration is performed using
the Monkhorst-Pack scheme39 with �1�1�13� mesh points.
The systems are constructed from diamond supercells. Due
to the periodic boundary conditions, a �10 Å vacuum space
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is used to prevent the spurious interactions between adjacent
wire replicas. The geometry optimizations were performed
using the conjugate-gradient method to minimize the total
energy and the atomic forces, and were stopped when all
residual forces were smaller than 0.001 eV /Å.

III. RESULTS

The surface passivation of nanowires has significant ef-
fects on the physical and chemical properties of nanowires.
The saturation of surface dangling bonds with hydrogen at-
oms, the growth directions and the diameters of the nano-
wires change the band-energy properties, and change the
charge density which is important to understand the surface
reactions. Generally, bare nanowires exhibit a metallic be-
havior because of the presence of dangling bonds on the
surface, while hydrogen-passivated wires are semiconduct-
ing. These unsaturated surface bonds are known to form sur-
face states with energies located in the band gap. Arantes and
Fazzio15 have studied the surface reconstruction of Ge NWs
oriented in the �110� and have found that only the wire with
the largest diameter �2.5 nm� had a band gap of 0.17 eV, the
other wires being metallic. Durgun et al.40 investigated both
bare and hydrogen-terminated Si nanowires oriented along
the �001� direction. Their calculations predicted that whereas
bare Si NWs are metallic except for a very small diameter in
which case it is semiconducting �band-gap energy of 0.6 eV�,
all hydrogen-passivated NWs were semiconducting.

In order to further understand the effect of surface recon-
structions onto Ge NWs, we investigated both bare and
hydrogen-passivated NWs with their axes oriented in the
�110� and �111� directions �hereafter denoted by �110�-Ge
and �111�-Ge�. Figure 1 shows the initial and optimized ge-
ometries of some of the bare Ge NWs with different shapes
that we considered.41 It can be seen on this figure that the
optimized NWs prefer to form dimers where possible, and
instead of keeping steplike features on the surfaces, they tend
to locally form sp2 bonds to minimize the total energy. This
can be understood by noticing that the dimers form in the
case of two neighboring Ge atoms with two dangling bonds
each, while the sp2 like geometry appears at places where
neighboring Ge atoms have only one dangling bond. Con-
trary to the wide belief that bare Ge NWs are metallic, un-
passivated �110�-Ge12 and �110�-Ge32 have band gaps as
large as 0.78 and 0.36 eV, respectively �see Table I�. Whereas
the smallest one �Ge12� has an indirect band gap, the other
has a band gap at the Z point �see Fig. 2�. These results for

�110�-Ge12 and �110�-Ge32 nanowires can be attributed to the
extremely small diameters that produce strong deviations
from the initial diamond structure. In Table I the cohesive
energies per Ge atom of the nonpassivated Ge NWs are pre-
sented. They are calculated as

Ec = E�GeNW�/nGe − E�Geat� , �1�

where E�Geat� is the energy of a single, isolated Ge atom,
E�GeNW� is the total energy of the optimized Ge NWs and
nGe is the total number of Ge atoms in the wire. It is obvious
that negative cohesive energies mean that the wire structures
are stable with respect to their free atoms. The calculated Ec
values decrease with the number of Ge atoms to converge
toward the bulk value, as expected.42

The present results have additional information for small
diameter unsaturated Ge NWs when compared with Ref. 15

TABLE I. The cohesive energy per Ge atom �Ec in eV� and
minimum of the band-gap energy �Eg in eV and M, I, and D are for
metallic, indirect and direct, respectively� are tabulated for different
Ge NWs.

Wire axis Ge NWs
Ec

�eV/atom�
Eg

�eV�

�110� Ge12 3.22 0.71 �I�
Ge32 3.35 0.36 �D� at Z point

Ge48 3.39 M

Ge60 3.42 M

Ge76 3.44 M

Ge96 3.47 M

Ge140 3.52 M

�111� Ge74 3.39 M

Ge138 3.49 M

FIG. 1. �Color online� Bare Ge NWs oriented along �110� direc-
tions. Initial and optimized geometries are on the left and right for
each type, respectively. Top and side views are on the upper and
lower panels, respectively. �a� Ge12, �b� Ge60, and �c� Ge76.

FIG. 2. �Color online� Energy band structures of nonpassivated
Ge NWs grown in the direction �110� �a�–�g� and grown in the
direction �111� �h�–�i� �a� 1�1, Ge12, �b� 2�2, Ge32, �c� 2�3,
Ge48, �d� 3�3, Ge60, �e� 3�4, Ge76, �f� 4�4, Ge96, �g� 5�5,
Ge140, �h� 2�2, Ge74, and �i� 2�3, Ge138. The Fermi level is set to
zero and is shown by the dotted line.
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in which study Ge nanowires with diameters of 1.6 and 2.2
nm are metallic, a larger wire �diameter of 2.5 nm� being
semiconducting with 0.17 eV. To the contrary, in a bare Si
NW investigation40 it is the smallest diameter wires that are
semiconductor, similarly to the present case. Therefore, more
analysis should certainly be carried on nanowires with dif-
ferent orientations, having different diameters and geom-
etries to explain this fundamental difference.

The geometries of hydrogen passivated Ge NWs are
shown in Fig. 3. The optimized structures are not subject to
surface reconstruction as the surface dangling bonds are satu-
rated. There is, however, an important surface relaxation ef-
fect, in particular onto the H-Ge-H bond angles that range
between 103.6° and 107.5°. There is a small contraction in
the Ge-Ge bond length ��1.0%� when going from the core
to the surface. The average length of the Ge-H bond is
1.6 Å. For the �110�-Ge48H32 NW there is an interesting
feature on the optimized structure, i.e., Ge atoms bonded
with two hydrogen atoms deviate from the diamond �110�
plane and produce a tilt of the Ge-H bonds with respect to
the surface. This is an effect of the repulsion between H
atoms born by neighboring Ge atoms since the tilting in-
creases the H-H distance. This is not only reducing the sym-
metry of the wire but it is also strongly affecting the Ge-
Ge-Ge bond angles in the first subsurface layer.

Figure 4 presents the energy band structures of hydrogen-
passivated Ge NWs oriented along the �110� and �111� direc-
tions. For the present NWs, since the diameters are very
small in comparison with the bulk Ge exciton Bohr radius
�that is equal to 15 and 30 nm,43 depending on the chosen
band�, the quantum confinement effect is expected to give
the dominant contribution to the band-gap energies. As ex-
pected, the passivation of the dangling bonds with hydrogen
removes the surface states observed in Fig. 2 outside of the
band gap. With the increase in the wire diameter, from 0.6 to
2.9 nm for the �110� orientation, we observe an increase in
the valence-band maximum �VBM� energy �2.3 eV� together
with a decrease in the conduction-band minimum �CBM�
energy �1.44 eV�. The resulting reduction in the band-gap

energy is in coherent with the quantum confinement having a
smaller effect for larger NW diameters �see Fig. 4�. From the
data in Table II, we can extrapolate from a linear fit of
Eg��3NGe� that the nanowire gap will reach the theoretical
bulk value for a diameter of about 3.5 nm �see Fig. 5�. This
critical diameter value is close to that obtained for Ge nano-
crystals by Hill et al.44 It is also clear from the band-energy
structures in Fig. 4 that the band gaps can be either direct or
indirect according to the �110� or �111� orientation of the
wire. The result is consistent with the values published in
Refs. 14, 15, and 45.

The binding energies of H with respect to a free hydrogen
atom are presented in Table II as computed by the following
formula:

TABLE II. Binding energy �Eb in eV/H atom� and band gaps
�Eg in eV� of hydrogen-passivated Ge NW with different orienta-
tions and diameters �d, in nm�. Band gaps are denoted as follows: D
for direct and I for indirect band gaps. While the direct gaps occur
at the � point, indirect gaps take place between the VBM at � point
and the CBM at �0,0,0.5� along the z direction.

Wire
axis

d
�nm�

Number of
Ge atoms

Number of
H atoms

Eb

�eV�
Eg

�eV�
Type of

band gap

�110� 0.6 12 16 −2.38 2.44 D

1.2 32 24 −2.53 1.54 D

1.5 48 32 −2.53 1.52 D

1.9 60 28 −2.61 1.05 D

1.9 76 40 −2.62 0.93 D

2.4 96 40 −2.66 0.77 D

2.9 140 48 −2.68 0.58 D

�111� 1.6 74 42 −2.64 1.38 I

2.4 138 58 −2.63 0.87 I

FIG. 3. �Color online� Cross-sectional views of the optimized
hydrogen-passivated Ge NWs along the �110� ��a�–�f�� and �111�
��g�–�h�� directions. �a� 1�1, Ge12H16, �b� 2�2, Ge32H24, �c�
2�3, Ge48H32 top and side views, �d� 3�3, Ge60H28 top and sub-
stitution sites, �e� 4�4, Ge28Si68H40, �f� 5�5, Ge140H48, �g�
2�2, Ge74H42, and �h� 2�3, Ge138H58. Green circles represent Ge
atoms and white circles represent H atoms used for saturation of
dangling bonds.

FIG. 4. �Color online� Energy band structures of
hydrogenated-Ge NWs grown in the direction �110� �a�–�e� and
grown in the direction �111� �f�–�g�. The Fermi level is set to zero
and is shown by the dotted line. �a� Ge12H16, �b� Ge32H24, �c�
Ge60H28, �d� Ge96H40, �e� Ge140H48, �f� Ge74H42, and �g� Ge138H58.
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Eb = �E�Ge�NW+H − E�Ge�NW�/nH − E�H�at, �2�

where E�Ge�NW and E�Ge�NW+H are the total energy of bare
and hydrogen-passivated Ge NWs, respectively, and nH is the
total number of H atoms in the NW. The negative binding-
energy points out the exothermic behavior of the binding of
H atoms. As it can be seen in Table II, the absolute value of
the binding energy increases gradually with the increase in
the NW diameter.

Impurity atoms existing in NWs have a strong effect on
the band structure and the band-gap energy. This effect can
also be desirable to extend the range of the possible device
applications. Although many studies have been published
about doped Si NWs, especially the n- or p-type doping and
the doping with transition metal atoms,40,46–49 this is not the
case for Ge NWs.14,50 Whereas it was shown in the Ref. 14
that doping the core of Ge NWs with B �p-type� and P
�n-type� atoms causes a VBM �CBM� increase �decrease� in
energy, without any remarkable dispersion of the bands,
Wang et al.50 observed experimentally the band bending
properties of p- and n-type doped oxidized Ge NWs. In the
present study, we first considered the Si doping of Ge NW by
substituting Si atoms on the hydrogenated surfaces. By in-
creasing the number of Si dopants on the surface, we move
from pure Ge to doped Ge NW and finally reach effectively
a Ge/Si core-shell NW configuration. For the sake of com-
parison, we also considered the symmetrical Si/Ge core-shell
wire in specific cases. The initial system is the unsubstituted
�110�-Ge60H28 nanowire which is constructed from a 3�3
diamond supercell. As a first step, one Si atom dopant is
added to the system by substituting one Ge atom located at
any of four different doping sites �see Fig. 3�d1��. The most
favorable doping site is found to be the position 1. Then, the
two atoms are placed at equivalent positions and again site 1
is the most stable surface site. These results can be intu-
itively understood if one notices that the Ge-Ge bonds
around site 1 are on average shorter than around the other
sites, so that the substitution by the smaller silicon atom
induces less change in the network. For eight Si atoms dop-
ing, three different configurations have been considered and
the most favorable doping sites are found to be the ones

shown in Fig. 3�d2�, the four other Si atoms being placed at
equivalent positions.

Table III presents the geometries and band-gap energies
of different NWs. The increase in the number of substitu-
tional Si on the surface ends up in a complete Si shell for-
mation. This goes with an increase in the band-gap energy.
For 4�4-shaped NWs, the same trend in Eg is seen but
�110�-Ge28Si68H40 slightly deviates from this rule. This is
coherent with the fact that bulk Si has a larger gap than bulk
Ge.

Moreover, Si/Ge core/shell NWs have smaller band gaps
than Ge/Si core/shell ones having the same number of core
and shell atoms. The quantum confinement effect is still ob-
served for the core/shell NWs that we studied. For very close
compositions �i.e., similar Ncore / �Ncore+Nshell� ratios, where
Ncore and Nshell are the number of core and shell atoms, re-
spectively� as the diameter of the NW increases the band-gap
energy decreases as expected.

Energy band-gap structures are shown in Fig. 6. Whereas
3�3 shaped NWs have flatlike conduction bands away from
�, 4�4 NWs have more parabolic shapes. All of the NWs
are found to have direct band gaps at the � point. It can be
noticed that as the width of Si-shell increases, the
conduction-band minimum energy increases and valence-
band maximum energy decreases at the Z point indicating
the dominant contribution of the Si atoms to the upper va-
lence and lower conduction states at this point. Migas and
Borisenko28 have found similar results for Ge/Si core/shell
structures. They found that Ge/Si core/shell NWs without
surface dimer reconstructions had direct band gaps and a
behavior of the conduction band at Z point that is similar to
the present study.

To understand the contributions of the atoms to the va-
lence and conduction bands, the spatial localizations of the
wave functions are plotted and presented in Fig. 7. Among
the many NW configurations, we present three different di-
ameters for the two orientations to demonstrate the diversity
between the wave functions and extract some trends. Figures
6�a� and 6�e� show H-passivated Ge NWs oriented along the

TABLE III. Band-gap energies of Si-doped Ge, Ge/Ge-Si, and
Ge/Si and Si/Ge core/shell NWs vs wire geometries.

Type of NW Shape of NW System
Eg

�eV�

Si-doped Ge 3�3 Ge59Si1H28 1.06

Si-doped Ge 3�3 Ge58Si2H28 1.07

Si-doped Ge 3�3 Ge52Si8H28 1.12

Ge/Ge-Si core/shell 3�3 Ge30Si30H28 1.20

Ge/Si core/shell 3�3 Ge12Si48H28 1.20

Si/Ge core/shell 3�3 Ge48Si12H28 1.18

Ge/Si core/shell 4�4 Ge36Si60H40 0.88

Ge/Si core/shell 4�4 Ge28Si68H40 0.83

Ge/Si core/shell 4�4 Ge16Si80H40 0.89

Ge/Si core/shell 4�4 Ge4Si92H40 0.92

Si/Ge core/shell 4�4 Ge68Si28H40 0.72

Ge/Si core/shell 5�5 Ge48Si92H48 0.68

FIG. 5. �Color online� Absolute values of the binding energy
�Eb� and band-gap energy �Eg� as a function of �3NGe for
H-passivated Ge NWs grown in the �110� directions. The dashed
lines are guide to the eyes to follow the trend.
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�110� and �111� directions, respectively. While both NWs
have HOMO distributions mainly located in the core and
spreading through the shell, the LUMO of �110� NW is de-
localized in the core and the shell and the �111�-LUMO is
quite similar to its HOMO counterpart. These results are con-
sistent with the study of Arantes and Fazzio.15 The HOMO
and LUMOs of the core/shell structures �b�–�d� are very dif-
ferent. The HOMOs are localized on Ge atoms �at the �
point�, but the LUMOs are preferentially localized on Si at-
oms independent of whether these are located in the core or
in the shell. On the other hand, the �111� oriented core/shell
NW �f� does not show this spatial carrier localization and
HOMO-LUMO distributions are mainly localized in the
core. In a very recent investigation, a similar carrier localiza-
tion has been observed for asymmetric SiGe NWs oriented in
the �110� direction, the valence-band maximum state was
located on the Ge side of the wire and the conduction-band
minimum was localized on the Si side.51 The results from
Fig. 7 make it clear that the eventual electron-hole separation

in core/shell NWs is highly dependent on the orientation,
which has a significant importance in the solar-energy con-
version technology.

We further describe the electronic structure properties
around the conduction-band minimum and valence-band
maximum by determining the effective masses of both elec-
trons and holes. The effective masses provide useful infor-
mation for the potential use of these wires in optical devices
such as quantum well infrared photodetectors and light emit-
ting and laser diodes. The effective mass proves to be very
sensitive to atomic substitution in the present case. The elec-
tron and hole effective masses can be simply calculated as
the inverse of the curvature of the conduction-band mini-
mum

me
� = � �2�d2E

dk2 �−1

, �3�

where plus and minus signs are used for electron and hole
effective mass calculations.

In the literature there are many studies of the effective
masses of Si, Ge, and SiGe alloys.52–54 Table IV presents the
calculated electron and hole effective masses for Ge NWs,

TABLE IV. Electron �me
�� and hole �mh

�� effective masses are presented. N is the total number of atoms in NWs and x is the fraction of
core Ge�Si� atoms in the NWs �x=NGe�Si� / �NGe+NSi��. The middle and right columns are for Ge/Si and Si/Ge core/shell NWs. The system
size is represented by �3NGe which is directly proportional to the NW diameter.

Structure �3N me
� mh

� Structure x me
� mh

� Structure x me
� mh

�

Ge12H16 3.04 0.333 0.304 Ge12Si48H28 0.20 0.346 0.423 Ge80Si16H40 0.17 0.343 0.191

Ge32H24 3.83 0.323 0.265 Ge30Si30H28 0.50 0.346 0.311 Ge68Si28H40 0.29 0.348 0.204

Ge60H28 4.45 0.312 0.259 Ge52Si8H28 0.87 0.345 0.256 Ge60Si36H40 0.38 0.342 0.212

Ge76H40 4.88 0.241 0.187 Ge58Si2H28 0.97 0.315 0.253

Ge96H40 5.14 0.230 0.181 Ge4Si92H40 0.04 0.353 0.408

Ge140H48 5.73 0.168 0.148 Ge16Si80H40 0.17 0.349 0.341

Ge28Si68H40 0.29 0.375 0.315

Ge36Si60H40 0.37 0.337 0.258

FIG. 6. �Color online� Energy band structures of Si-doped Ge
NWs, �a� and �b�, Ge/Ge-Si core/shell NWs, �c�, Ge/Si core/shell
NWs, �d�, �f�–�i�, �k�, and Si/Ge core/shell NWs, �e� and �j� grown
in the �110� direction. 3�3 structures are presented in �a�–�e�,
4�4 are in �f�–�j� and 5�5 is in �k�. The Fermi level set to zero
and is shown by the dotted line. �a� Ge58Si2H28, �b� Ge52Si8H28,
�c�Ge30Si30H28, �d� Ge12Si48H28, �e� Ge48Si12H28, �f� Ge36Si60H40,
�g� Ge28Si68H40, �h� Ge16Si80H40, �i� Ge4Si92H40, �j� Ge68Si28H40,
and �k� Ge48Si92H48.

FIG. 7. �Color online� HOMO and LUMO charge densities for
the H-passivated Ge NWs, Ge/Si, and Si/Ge core/shell NWs are
shown. Green, yellow, and gray balls represent Ge, Si, and H atoms,
respectively. �a� Ge96H40, �b� Ge36Si60H40, �c� Ge16Si44H28, and �d�
Ge44Si16H28 are grown along �110� direction, and �e� Ge74H42 and
�f� Ge38Si36H42 are grown along �111� direction.
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Ge/Si, and Si/Ge core/shell NWs. For very small diameters
both effective masses are very large but as the diameter in-
creases they decrease. For Ge NW, the longitudinal electron
effective mass seems to converge toward its experimental Ge
bulk value �0.082m0� and the heavy hole effective mass re-
mains smaller than its bulk value �0.34m0�.55 This finding is
consistent with the study of Bescond et al.56 in which the
effective masses of �100�-Ge NWs have been calculated us-
ing a tight-binding model. The effective masses of the core/
shell NWs can be compared to the Ge�Si� core composition
in the NWs. The electron effective masses do not vary sig-
nificantly with the formation of a Si�Ge� shell �see Fig. 8�.
This is not the case for the hole effective masses which de-
crease �increase� with the ratio of the core/shell thicknesses.
This behavior is similar to that of hole effective masses in
strained Si1−xGex /Si quantum layers.53

IV. CONCLUSION

Using density-functional theory, we have studied the
structural and electronic properties of bare Ge NWs,
H-passivated Ge NWs, Si-doped Ge NWs and Ge/Si core/
shell NWs aligned in the �110� and �111� directions for di-

ameters up to 2.9 nm. It is found that the orientation and the
diameter have significant effects on the electronic properties
of NWs. The bare Ge NWs having very small diameters are
found to be semiconducting and larger ones are metallic.
However, it should be noted again that because GGA yields a
zero Ge bulk band gap, small diameter Ge NWs could po-
tentially be semiconductor as well. This issue should moti-
vate further investigation with more accurate methods that
include many-body corrections, such as the GW method.
However, our calculations indicate clear trends among the
various types of wires, with respect to the composition, ori-
entation and diameter. The dangling-bond passivation with H
atoms caused the NWs grown in �110� direction to have di-
rect band gaps and the NWs with �111� orientation to have
indirect band gaps. Moreover, H-passivated Ge NWs exhibit
a strong quantum confinement effect which remains signifi-
cant upon the formation of a Si shell. However, the details of
the electronic structure are strongly affected by the progres-
sive substitution with silicon atoms, especially regarding the
holes effective masses. This work also emphasizes the im-
portance of the orientation for the optical properties of NWs
since the wave-function spatial localizations of the upper-
most valence and lowest conduction bands are extremely dif-
ferent according to the wire axis orientation. This spatial
confinement of electrons and holes to the shell and core of
NWs could allow these materials to be suitable for photovol-
taic or photoconduction applications. Therefore, the �110�
oriented Ge/Si core/shell wires appear to be the most prom-
ising ones due to their spatial separation of carriers in terms
of their potential applications in optical and electronic areas.
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