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Usingab initio total energy calculations we design a very thin semiconducting nanotube of germanium with
a direct band gap by encapsulation of Mo or W. This finding is an outcome of studies of assemblies of Ge18Nb2

clusters into nanotubes. The infinite Nb-doped nanotube is metallic. However, the electronic structure has a
significant gap above the Fermi level. When Nb is replaced by aZ+1 element such as Mo or W, it leads to the
formation of a semiconducting nanotube. The atomic structure of these nanotubes is based on a novel alternate
prism and antiprism stacking of hexagonal rings of germanium. Such an arrangement is optimal for Ge18M2

sM =Nb, Mo, and Wd clusters that serve as the building blocks of nanotubes. These results demonstrate that by
just changing theM atom in the growth process, we can form metallic, semiconducting, andn or p types of
nanotubes, opening new possibilities for nanoscale devices.
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I. INTRODUCTION

Silicon and germanium are the most important elements
for the current microelectronics industry and much research
is being carried out on their nanostructures to find suitable
candidates for future miniature electronic devices through a
bottom-up approach. Nanowires and nanoparticles of silicon
and germanium could be possible building blocks.1 These
also have interesting photoluminescence properties2,3 due to
quantum confinement in contrast to bulk Si, which is a poor
emitter of light. This is attractive for integration of optics
with electronics, for sensors, tagging, and other biological
applications. However, often there is a distribution of size,
and as the properties are size dependent, this could be a
problem for their usage. H-terminated Si nanowires of small
diameters of 1.3–7 nm have been grown4 with varying en-
ergy gap. However, subnanometer diameter nanowires of el-
emental Si are unstable5 while the large-diameter nanowires
may have reconstructed surfaces that are yet to be well un-
derstood. Nanowires of ErSi2 with less than 1 nm height on
a Sis100d surface have also been grown6. These experimental
results demonstrate that it has become possible to develop
nanostructures of Si in the size range of 1 nm.

A very interesting nanoform is the tubular structure that
has intrigued researchers who tried nanotubes of silicon and
other semiconducting elements similar to carbon.7 Recently
using the first-principles materials design approach very-
small-diameter nanotubes of silicon were stabilized by Be
encapsulation.5 This finding has prompted experimental
work and recently self-organized assemblies of Si24Be2 finite
nanotubes have been obtained8 on a large area of Sis111d
surface. These results support the theoretical predictions and
suggest a way to form large arrays of such very small sys-
tems using well-established methods. Subsequently magnetic
nanotubes of SisRefs. 9–11d and GesRefs. 11 and 12d have
also been predicted by encapsulation of transition metalsMd
atoms. The infinite nanotubes are metallic and have interest-

ing magnetic properties.9,12 However, for device develop-
ment it is important to find nanotubes that are semiconduct-
ing. Here we demonstrate that a semiconducting nanotube of
Ge can be stabilized by encapsulation of Mo or W.

In metal-encapsulated nanotubes of Si and Ge, either
Si12M clusters5,9 with hexagonal prism structure or Ge12M
clusters12 with hexagonal antiprism structure are assembled
often with anM atom in between. Hexagonal prism struc-
tures of Si12M and Si18M2 clusters are found to be magic13,14

for M =Cr and W. However, assembling a nanotube from
these clusters is unfavorable due to distortions14 and strong
dimerization of M atoms. Here we consider germanium
nanotubes as these can be more versatile with possibilities of
doping of a larger variety ofM atoms as compared to silicon
because the Ge-Ge bond length is closer to the bond lengths
found in several metals and explore the possibility of semi-
conducting nanotubes from the point of view of device de-
velopment. Our results show that by choosing theM atom
suitably, we can design metallic as well as semiconducting
nanotubes.

II. METHOD

We use an ultrasoft pseudopotential plane-wave
method15–17 within the density functional theory and spin-
polarized generalized gradient approximation18 sGGAd for
the exchange-correlation energy.G-point sampling is used
for the Brillouin zone integrations in the case of clusters and
finite nanotubes while 15k-point sampling along the nano-
tube axis, for the optimization of the infinite nanotubes. Op-
timizations are performed without symmetry constraints until
the forces are converged to 0.004 eV/Å. In most cases the
convergence is even better than this. The band structures of
the infinite nanotubes are calculated by considering 260k
points in the half Brillouin zone. In general clusters and finite
nanotubes with an odd number of electrons have 1mB mag-
netic moment with the spin polarization distributed over the
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whole structure. All other structures are nonmagnetic.

III. RESULTS AND DISCUSSIONS

Initially we considered Ge12Nb clusters19 for assembling
nanotubes and optimized icosahedron, decahedron, hexago-
nal prism, and antiprism structures. The lowest-energy iso-
mer is a hexagonal antiprismsFig. 1d with Ge-Ge bond
lengthssBL’sd of 2.60 s2.70dÅ within a hexagonsinterhexa-
gond and 2.85 Å for Ge-Nb. The highest-occupied–lowest-
unoccupied molecular orbitalsHOMO-LUMOd gap in this
isomer is smalls0.17 eVd and the binding energysBEd is
3.54 eV/atom. For the growth of nanotubes we further stud-
ied the stability of Ge18M2 sM =Nb,Mo,Wd clusters. As com-
pared to a biprism structure14 for Si18W2, we find that an
antiprism-prism structurefFig. 1sbdg is 0.44, 0.55, and
0.59 eV lower in energy for Ge18Nb2, Ge18Mo2, and
Ge18W2, respectively. This difference arises due to the bigger
size of Ge atoms. A prism-prism structure lies second in
energy with a longerM-M bond while an antiprism-

antiprism structure lies higher in energys0.64, 0.71, and 0.72
eV for Nb, Mo, and W, respectivelyd with a shorterM-M
bond. Both of these structures have distortions in Ge-Ge
bond lengths. The prism-antiprism structure optimizesM-M
as well as Ge-Ge and Ge-M interactions with theM-M bond
length of 2.58 and 2.49 Å and the HOMO-LUMO gap of
0.33 and 1.03 eV for Nb and W, respectively. The latter is
higher compared with a Ge12Nb cluster. Therefore we can
consider these clusters as a unit for assembling nanotubes.

When two clusters of Ge18Nb2 are assembled together
with a Nb atom in betweensGe36Nb5d, then as shown in Fig.
1scd, the antiprism-prism structure remains stable. It has six-
fold symmetry, a HOMO-LUMO gap of 0.10 eV, and an
increased BEsTable Id. The Ge-Ge BL’s within a hexagon
remain the same but the value changes slightlys2.63, 2.62,
2.67, 2.67, 2.62, and 2.63 Åd in going from one outer hexa-
gon to the other and the corresponding Nb-Nb BL’s are 2.52,
2.72, 2.72, and 2.52 Å. The outer clusters have shorter bond
lengths due to the lower coordination of atoms. We also
checked an antiprism-antiprism stacking of hexagons.12

However, it transforms to the antiprism-prism form, giving
further confidence in this structure. It also shows that this
preference does not change with an increase in the length of
the nanotube. Further addition of a Ge12Nb cluster keeps this
structure very symmetricfFig. 1sddsidg. We also considered
two more structures for this nanotube with the stoichiometry
of Ge48Nb7. The one fFig. 1sddsii dg with the antiprism-
antiprism stacking12 of Ge12Nb clusters and Nb atoms in
between is now stable but has some distortions. It lies
0.66 eV higher in energy as compared to the one in Fig.
1sddsid. A slightly different stackingfFig. 1sddsiii dg in which
the central four hexagons are in the antiprism structure lies
0.05 eV higher in energy. Therefore, the rotation of a hexa-
gon costs little energy as the length of the nanotube in-
creases. However, for an infinite nanotube the antiprism-
prism staking has the lowest energy. The BE of the nanotube
increases with an increasing number of clusters.20 This also
implies that the nanotubes can be formed with a large aspect
ratio. The HOMO-LUMO gap in finite nanotubes is small
sTable Id and the infinite nanotubes become metallic.

The stability of a doped infinite nanotube is studied with a
unit cell of Ge24Nb4 in antiprism-prism and antiprism-
antiprism stackings. The nanotubes are optimized with re-
spect to the cell size along the axis, allowing the atoms to
relax freely. Like the finite nanotubes, in the infinite nano-
tube also, the antiprism-prism geometry is energetically the
most favoredfFig. 2sadg and the antiprism-antiprism struc-
ture lies 0.11 eV/cell higher in energy. The magnetic mo-

TABLE I. The binding energysBEd in eV/atom and HOMO-
LUMO gapsseVd for the Nb- and W-doped finite and infinite nano-
tubes of Ge.

System BEM =Nb GapM =Nb BE M =W GapM =W

Ge18M2 3.70 0.33 3.76 1.03

Ge36M5 3.88 0.10 3.92 1.01

Ge48M7 3.91 0.16 3.96 0.85

Ge24M4sinfinited 4.00 0.00 4.04 0.50

FIG. 1. sColor onlined Optimized structures of clusters and finite
nanotubessad Ge12Nb, sbd Ge18Nb2, scd Ge36Nb5, andsdd Ge48Nb7

with three isomerssid antiprism-prism,sii d antiprism-antiprism, and
siii d with terminal Ge12Nb clusters stacked in the prism while the
rest stacked in antiprism structures.
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ments in these nanotubes are completely quenched. All the
different initial guesses for the magnetic moments get con-
verged to the same nonmagnetic state. The Nb-Nb BL’s are
2.72 Å and the intrahexagon Ge-Ge BL’ssthe same in all the
hexagonal ringsd are 2.62, 2.63, and 2.64 Åstwo bonds in
each cased. This reduces the sixfold rotational symmetry to
twofold. Interhexagon Ge-Ge BL’s are 2.82 Å for the anti-
prism stacking and 2.96, 2.98, and 3.00 Åstwo bonds in
each cased for the prism stacking. This difference in the
Ge-Ge bond lengths for the prism and antiprism units has
important bearing on the bonding in the nanotube.

The band structure of this nanotube is shown in Fig. 3.
The Fermi level lies in a band and therefore this nanotube is
metallic similar to the previously reported9,12 cases of
M-doped nanotubes of Si and Ge. However, the reduced
symmetry leads to the splitting of the degenerate bands.
There is a gap just above the Fermi level, indicating the
possibility of the formation of a semiconducting nanotube by
filling of these states. For this we replaced all Nb atoms with
Mo, which lies right next to Nb in the periodic table. The
extra electron plays the role of filling up the empty states
near the Fermi level and the nanotube becomes sixfold sym-
metric. Ge-Ge intrahexagon and interhexagonsantiprism and
prism structuresd and Mo-Mo BL’s are 2.58s2.77 and 2.98d
and 2.70 Å, respectively, and semiconducting with a gap of
0.38 eV. Similar results are also obtained for W-doped nano-
tubes. The reduced Ge-Ge bond lengths with Mo or W dop-
ing are also good for the stability of the nanotubes. There-
fore, unlike silicon, doping of Mo or W in germanium leads
to the formation of a semiconducting nanotube with a direct
band gap. The band gap is higher for W doping23 with the
GGA value of 0.5 eV. This is because the Ge18Mo2 and
Ge36Mo5 finite nanotubes also have smaller HOMO-LUMO
gaps of 0.96 and 0.75 eV as compared to 1.03 and 1.01 eV,

respectively for W doping. The true value of the gap in the
infinite nanotube could be expected to be around 1 eV which
is close to the value for bulk silicon. The BE for the W
doped infinite nanotube is 4.04 eV/atom as compared to
3.81 eV/atom for Mo doping. So W doping is better from
energetic point of view as well. This finding is important as it
can open a way for applications in devices.

The partial densities of states of the Ge24M4 infinite nano-
tubessFig. 4d show that the two nonequivalentM atoms, one
lying in the antiprism environment and the other, in the prism
environment, have quite different local densities of states.
The states near the Fermi energy arise mostly from the Ge 4p
orbitals and thed orbitals of theM atom that lies in the prism
environmentfFig. 4sddg. The contribution to the states near
the Fermi energy from thed orbitals of theM atom lying in
the antiprism environment is negligibly smallfFig. 4scdg. In
the antiprism geometry Ge-M bond lengths are shorter and
give rise to stronger hybridization of theM d and Ge 4p
states which pushes thed states to higher binding energies.
However, in the prism geometry Ge-Ge and Ge-M interac-
tions are weaker. This is also supported from the charge den-
sity fFig. 2sbdg. An isosurface of the total charge density
shows fFig. 2sbdg that the charge density is significantly

FIG. 2. sColor onlined sad Optimized unit cell of an infinite
nanotube of Ge24Nb4. W-doped nanotube is similar.sbd An isosur-
face of the total charge density of the Ge24Nb4 nanotube.

FIG. 3. Band structures of Nb- and W-doped infinite nanotubes.
Dashed line shows the Fermi energy.Eg is the band gap for the
W-doped semiconducting nanotube.

FIG. 4. sColord Total and partial densities of statessDOSd of
Nb- and W-doped infinite nanotubes obtained by using Gaussian
broadening with width of 0.01 eV.sad Total DOS,sbd partial DOS
of Ge, scd partial DOS for Nb atom in the antiprism environment,
and sdd partial DOS for the Nb atom in the prism environment of
Ge atoms. Red, green, and blue lines represent the contributions
from s, p, andd orbitals. Dashed line shows the Fermi energysEFd,
while for the W-doped semiconducting nanotube the band gap is
indicated by an arrow.
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lower in the bonds connecting the two antiprism Ge12Nb
clusters. Also there is high charge density around the chain
of M atoms. This reflects the strong interaction between the
Ge nanotube and theM atoms. We further analyzed it by
subtracting the charge densities of Ge24 and M4 sM =Nb or
Wd at their respective positions from that of Ge24M4. There
is a depletion of charge between theM atoms and from the
Ge nanotube while charge is accumulated between theM
atoms and the nanotube. This is more significant in the anti-
prism cage environment of theM atom as it was also con-
cluded from the density of states. The difference in the
charge distribution for Nb or W doping is quite small. The
empty states around theM atom with prismenvironment get
filled when all Nb atoms are replaced with W, leading to the
semiconducting behavior of the nanotube. The density of
states also shows the van Hove singularities expected for
such quasi-1D structures.

IV. SUMMARY

In summary, we have examined the stability of finite and
infinite Ge nanotubes doped with Nb. The growth behavior
of these nanotubes is found to be different from the earlier
studies on silicon and germanium nanotubes but the infinite
nanotubes are again metallic. However, these results have led
to the most important finding for the first time that Mo or W
doped nanotubes are semiconducting. These are the thinnest

metal stabilized nanotubes possible, knowing that elemental
structures of this dimension are unstable. Furthermore, the
W-doped nanotubes have a 0.5 eV direct band gap within the
GGA. This is comparable to bulk silicon and therefore it
opens up new possibilities for device development at the
smallest scale using conventional semiconducting elements.
The electronic structure of these nanotubes shows a rigid-
band-like behavior and one would be able to obtainp- or
n-type behavior by substitutingsZ−1d or sZ+1d M atoms,
respectively. A significant advantage here would be that by
changing theM atom in the growth process it can be possible
to grow metallic or semiconducting orp- andn-doped nano-
tubes making novel possibilities for miniature devices. With
the advances in techniques such as vapor deposition to grow
one-dimentional structures of 1 nm dimensions, we hope that
realization of such nanostructures would be possible and that
our results will further stimulate research in this direction.
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