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Full ab initio techniques are applied to study the electronic and dynamical properties of free standing,
hydrogen-passivated Si/Ge core-shell nanowires oriented along the �110� direction. All studied wires exhibit a
direct band gap and are found to be structurally stable. The different contributions of the core and shell atoms
to the phonon spectra are identified. The acoustic phonon velocities and the frequencies of some typical optical
modes are compared with those of pure Si and Ge nanowires. These depend either on the concentration or on
the type of core material. Optical modes are hardened and longitudinal acoustic velocities are softened with
decreasing wire diameter.
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Semiconducting nanowires are one-dimensional structures
that have generated a lot of interest lately due to their prom-
ising applications as potential building blocks for nanode-
vices. Coaxial Si/Ge heterostructures of such wires can
readily be made.1–5 Due to the sharp interface between the
Ge core and the Si shell and the valence-band offset, the
interface will serve as a confinement potential, so that a one-
dimensional hole gas can be created in undoped structures.3

Additionally the Si shell can be used to create transparent
contacts. Due to these properties, these heterostructures can
be used as high switching speed transistors2 and field-effect
transistors.4 P-i-n type heterostructures have already shown
applications as solar cells.6

Changing the sizes of the core and shell regions allows
one to engineer the band gaps, as was shown experimentally5

and theoretically.7–9 The effect of band offsets and the spatial
confinement of carriers in Si/Ge and p-i-n types of core-shell
nanowires was also treated theoretically.10–12 The atomic
structure of these wires can experimentally be studied by
using transmission electron microscopy but knowledge of the
phonon spectra can lead to a characterization based on Ra-
man spectroscopy. A first theoretical step in the understand-
ing of the lattice dynamics of Si/Ge core-shell structures has
been made using the empirical valence force-field model
containing two- and three-body interactions13 to study the
phonon spectra and the specific heat in these wires. Here, we
go a step further and use a full ab initio approach to study
both the electronic and the dynamical properties of Si/Ge
core-shell nanowires and compare these results with those of
Si or Ge nanowires. We restrict ourselves to structures that
are oriented in the �110� direction and are hydrogen
passivated.

The calculations presented here are performed within
density-functional theory for the electronic part and den-
sity functional perturbation theory14 for the dynamical
part, using the ABINIT software package.15 The local
density approximation �LDA� is used to describe the
exchange-correlation potentials. We used Troullier-Martins
pseudopotentials16 with an energy cutoff of 20 Ha. A super-
cell approach is used to describe the properties of the free
standing nanowires by utilizing a sufficient vacuum layer
between the nanowire and its neighboring images. A 1�1
�16 shifted Monkhorst-Pack17 grid was used for the k-point
integrations and all wires were relaxed so that the maximum

force component is smaller than 5�10−5 Hartree /Bohr and
that all components of the stress tensor are smaller than
5�10−7 Hartree /Bohr3.

In this work we study two different sized nanowires with
a diameter of 1.2 and 1.6 nm, both of them hydrogen passi-
vated. For each of these diameters either a wire with a core
composed of Si or Ge will be constructed. For the 1.6 nm
nanowire two different shell sizes are considered. A cross
section of the resulting relaxed structures in case of a Ge
core is shown in Fig. 1. In the following we label these wires
as core shell a, b, and c. The reverse structures �i.e., where
Ge is replaced with Si and vice versa� are also studied.

In order to understand the modification of the electronic
band structure due to the presence of a core, we considered
as an example the case of a Ge core and show in Fig. 2 the
energy band structures. Wires with Si core have similar band
structures. Notice that all core-shell structures have a direct
band gap �values are plotted in Fig. 3�a��, which is similar
for Si and Ge nanowires and confirms earlier results.8 Start-
ing from a pure nanowire �either a Si or Ge one� and adding
a core of the second material leads to a smaller band gap due
to quantum confinement effects12 in these small nanowires
and due to the strain on the core atoms9 induced by the
difference in lattice constant between Si and Ge. This strain

FIG. 1. �Color online� Relaxed unit cell of three different nano-
wires oriented along the �110� direction, all with a Ge core: �a� a 1.2
nm �110� wire with a core of 2 Ge atoms �green color�, a shell of 14
Si atoms �yellow color�, and a passivating layer of 12 H atoms
�white color�, �b� a 1.6 nm nanowire with 16 Ge core atoms, 26 Si
shell atoms, and 20 passivating H atoms, and �c� 1.6 nm wire with
2 Ge core atoms, 40 Si shell atoms, and 20 H atoms.
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effect will also be present in thicker nanowires. If one also
takes into account that pure Si nanowires have a larger band
gap than comparable sized pure Ge nanowires, one can ex-
plain Fig. 3�a� completely. It is well known that the LDA
underestimates the band gaps but all relative trends are pre-
dicted correctly. In Figs. 3�b� and 3�c�, respectively, the ef-
fective electron and hole band mass are plotted as function of
the concentration and structure type. The electron effective
mass is almost independent of the wire type and wire diam-
eter. The hole effective mass strongly depends on the type of
structure and of the wire size.

Next we calculate the dynamical properties and present
the phonon energies as function of the wavevector in Fig. 4
for the three nanowires shown in Fig. 1. Notice that the low
frequency �acoustic� modes around � exhibit typical one-
dimensional features: four acoustic modes of which two are
linear in qz and two are quadratic in qz.

18 All calculated pho-
non spectra have only real frequencies and thus all structures
can be considered stable �as the occurrence of imaginary
frequencies would indicate a structural instability�. To di-
rectly compare these spectra, it is useful to calculate the pho-
non density of states �DOS�. We used a box counting method
where the frequencies were smeared by gaussians �with full
width at half maximum of 10 cm−1�. Figure 5 shows
the DOS of core shell b �see Fig. 1�b��. It is instructive to

compare this DOS with the DOS of pure nanowires. In Fig.
5�a� the DOS of a pure 1.6 nm SiNW �Ref. 18� is also added
�red dashed line� while in Fig. 5�b� the DOS of a pure 1.6 nm
GeNW �Ref. 19� �black dashed line� and also of the core-
shell structure c �red dotted line� is added. When comparing
the DOS of the core-shell structure b with the one from ei-
ther the Si or Ge nanowire, one can immediately identify
which type of atoms �Si or Ge� are present in the shell, as the
Si-H and Ge-H stretching modes �with frequencies around
2000 cm−1� have different frequencies. The same observa-
tion can be made for the bending modes �frequencies around
870 and 600 cm−1�, which in this case is determined by the
Si shell. Both the DOS for the pure Si and Ge nanowire have
a characteristic peak, 290 cm−1 for pure Ge �labeled I in
Fig. 5� and one around 480 cm−1 for pure Si �labeled II in
Fig. 5�. The effect of the core atoms is observable as a low-
ering of this Ge peak �peak I� and an increase in the Si
contribution around 480 cm−1 �peak II�. In core-shell struc-
ture c the number of Ge atoms in the core is small compared
to those in the core-shell structure b �just two Ge atoms�,
which shows up as a decrease of the Ge peak �peak I� in the
DOS �Fig. 5�b�� and an increase in the Si peak �peak II�.

Next we look into more detail to some specific modes
with their associated energies. In order to do this the acoustic

(b) (c)(a)

FIG. 2. Band structure of Ge core nanowires corresponding to
the structures depicted in Fig. 1.

(a) (b) (c)

FIG. 3. �Color online� �a� LDA band gap, �b� electron effective band mass, and �c� hole effective band mass. Each type of core-shell
structure has a different symbol �depending on wire size and type of core atoms�. The x axis depicts the concentration of Ge atoms, where
0 indicates the absence of Ge atoms �a pure Si nanowire� and 1 a wire only consisting of Ge.

(b) (c)(a)

FIG. 4. �Color online� The phonon spectra of the Ge core nano-
wires corresponding to the structures depicted in Fig. 1. Frequen-
cies higher than 900 cm−1 are not shown.
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phonon velocities �calculated for the transversal
�rotational��vT� and longitudinal mode �vL��, the first optical
frequency ����, the bending mode around 600 cm−1 ��1�
and the breathing mode ��b� are plotted in Fig. 6 as function
of wire type �different symbols� and concentration of Ge �x
axis, ranging from 0, equal to no Ge at all, to 1, meaning
only Ge atoms�. Different dependencies can be observed:
some properties �e.g., the transversal velocity vT� only de-
pend on the Ge concentration and not on the specific struc-
ture �i.e., the velocity does not depend on the type of atom in
the core�, while other frequencies �e.g., the bending mode
�1� only depend on the type of atoms near the edges, which
can be explained by the fact that these frequencies corre-
spond to a Si-H or Ge-H bending mode. For the other prop-
erties the distinction between the two is not that clear. For
the breathing mode �b it is rather the concentration that is
important while for the first optical frequency �� and the
longitudinal velocity vL the type of wire is important which
can be seen by the different behavior of the Si core versus
the Ge core.

The hardening of optical frequencies and the softening of
the acoustic frequencies �especially in case of the longitudi-
nal velocity� with decreasing wire diameter, which was ob-
served for both Si and Ge nanowires18,19 is also present in the
core-shell structures, as can be seen by comparing the ob-
tained values for the 1.2 nm with the 1.6 nm nanowire.

In conclusion, we have performed an ab initio study of
the electron spectrum and the phonons in Si/Ge core-shell
nanowires. The obtained electronic properties are in accor-
dance with previous theoretical studies. Using the calculated
phonon spectra we showed that all studied structures are
stable and that the calculated DOS can be used to distinguish

(a)

(b)

I

II
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FIG. 5. �Color online� The phonon DOS of Ge core nanowires:
�a� comparison between the core-shell structure b and a pure Si
nanowire and �b� comparison between the core-shell structure b, a
pure Ge nanowire, and the core-shell structure c. The peak labeled
I is a typical Ge peak while the peak labeled II is a typical Si peak.

(d) (e)

(a) (b) (c)

FIG. 6. �Color online� �a� The frequency of the breathing mode �b, �b� the frequency of the first optical mode ��, �c� the frequency of
the optical mode around 600 cm−1 �1, �d� the transversal sound velocity vT, and �e� the longitudinal sound velocity vL. Each type of
core-shell structure has a different symbol �depending on wire size and type of core atoms�. The x axis depicts the concentration of Ge atoms,
where 0 indicates the absence of Ge atoms �a pure Si nanowire� and 1 a wire only consisting of Ge.
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between the different core-shell types, e.g., it can be used to
determine the core and shell materials and their relative con-
centrations. The optical frequencies and acoustic velocities
for different core-shell structures are shown as a function
of the Ge concentration. The transversal acoustic velocity
only depends on the Ge concentration while the core-shell
structure determines the frequencies of the bending modes.

Hardening of optical modes and softening of longitudinal
acoustic velocities is observed with decreasing wire diam-
eter.
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