
Quantum confinement effects in Ge [110] nanowires

S. P. Beckman,* Jiaxin Han, and James R. Chelikowsky
Center for Computational Materials, Institute for Computational Engineering and Sciences,

Departments of Physics and Chemical Engineering, University of Texas, Austin, Texas 78712, USA
�Received 23 May 2006; published 11 October 2006�

The effect of dimensional confinement on quantum levels is investigated for hydrogenated Ge �110� nano-
wires by “density-functional-theory pseudopotential” methods. The energy band dispersion is presented for
wires up to 2.8 nm in diameter. By placing a H2 molecule in vacuum for reference the bands of the different
sized wires are aligned and compared. It is found that for wires with diameters smaller than 3 nm, confinement
strongly affects the shape and energies of the conduction bands. It is found that the energy of the valence-band
maximum does not change with diameter once a wire is greater than 2.0 nm. The valence band maximum
scales with diameter D as �D−2.2, and the conduction band scales as �D−0.8.
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Quantum confinement in one or more dimensions results
in unique electronic and phonotic properties, which may lead
to the development of next-generation devices. Within the
past five years significant progress has been made in the
development of low-dimensional devices including the de-
velopment of ballistic carbon nanotube transistors1 and high-
performance Ge- and Si-nanowire field-effect transistors.2,3

There is potential for nanowires to be used as highly sensi-
tive biological and chemical sensors.4 Logic gates have been
assembled from nanowire building blocks.5 High-efficiency
solar cells have been created from self-assembled Ge dot
structures.6 In this work we focus on nanowire science.

It is known that quantum confinement strongly affects the
optical properties of nanowires. Experimentally much work
has been performed studying the optical properties of these
wires. Although measurements of the photoluminescence
spectra of free-standing Si nanowires have been produced,7

little progress has been made in the study of the optical prop-
erties of Ge nanowires. It is believed that states at the Ge-Ge
oxide interface as well as states from metal contaminants
provide numerous sites for nonradiative recombination
events. Recent attempts to measure the photoluminescence
spectra from free-standing Ge wires grown on Si substrates
have resulted in spectra originating from the Ge-Si interface,
not the Ge wires themselves.8 Other studies of the optical
properties of Ge nanowires have focused on non-free-
standing structures. The photoluminescence spectra have
been observed for one-dimensional �1D� structures grown
along the edge of steps on a Si substrate.9 Other studies have
measured the photoluminescence spectra of Ge wires con-
fined to the pores of hexagonal mesoporous silica.10

The investigation of the optical properties of Ge nano-
wires can be aided by computational methods. Numerous
computational studies have been performed to investigate the
optical properties of nanocrystals.11–14 Similar studies have
focused on the absorption spectra of Si nanowires.15 Prelimi-
nary investigations of Ge nanowires have begun and are
available in the literature.16,17 These studies have employed
all-electron potentials16 and the GW corrections17 and hence
have been focused exclusively on small-diameter wires.

Here we investigate the effects of confinement on �110�
Ge nanowires, using “density-functional-theory pseudopo-
tential” methods. We examine wires with diameters as large

as 2.8 nm and observe how the E�kz� dispersions evolve as
the diameter changes. We align the bands in wires of differ-
ent diameters and show how dimensional confinement af-
fects the valence and conduction bands, respectively.

The density-functional-theory pseudopotential methods
used here are encoded in ABINIT.18,19 The exchange and cor-
relation functional is treated within the local density approx-
imation.20,21 The wave function is expressed as a plane-wave
summation truncated at an energy cutoff of 19 a.u. �atomic
units with e=�=m=1 and energy units of hartree�.

For Ge, a Troullier-Martins pseudopotential form is used
with 4s24p24d0 valence and radial cutoff of rs /rp /rd
=2.6/2.5/2.8 a.u.22 Partial core corrections are included with
a core cutoff of 1.98 a.u.23 The pseudopotential is trans-
formed into local and nonlocal components by the Klein-
man-Bylander transformation with the p channel selected as
the local component.24 This pseudopotential predicts a cubic
lattice parameter acubic of 10.62 a.u., which is within 0.7% of
the experimental value of 10.70 a.u.25 The elasticity param-
eters are calculated to be �in GPa� c11=129.4, c12=49.98, and
c44=67.62, which is accurate to within 5% of the experi-
mental values c11=129.2±1.2, c12=47.9±1.2, and c44
=67.0±0.7.26

Using this pseudopotential, the electronic structure of
bulk Ge is calculated and presented in Fig. 1. Although it is
known that the local density approximation underestimates
band gaps, at least to a qualitative level the structure is cor-
rect. In particular the relative ordering of the L, �, and X
conduction-band minima �CBM� is correct.27 The difference
between the highest occupied molecular orbital and lowest
unoccupied molecular orbital �the HOMO-LUMO gap� for
bulk Ge is predicted to be 0.44 eV. This corresponds to the
transition from the �-point valence-band maximum �VBM�
to the CBM at L. The Kohn-Sham eigenvalues E�k� are cal-
culated across the entire Brillouin zone and projected in the
k= �110� direction to produce the projected band structure,
shown in Fig. 2. In the limit that a �110� wire’s diameter
approaches infinity the electronic structure will approach this
bulk projected structure. It is apparent in Fig. 2 that when
projected in the �110� direction the Ge band gap is direct,
unlike in the bulk crystal. This is because the CBM at L

��1̄11� , �11̄1� , �1̄11̄� , �11̄1̄�� maps onto �. The CBM is de-
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generate because the L minima at ��111� �1̄1̄1� , �111̄� , �1̄1̄1̄��
project onto the Brillouin zone edge. For wires smaller than
3 nm, confinement effects increase the energy of the conduc-
tion bands at the Brillouin-zone edge, leaving only one
CBM, at �. For wires with diameters larger than 3 nm, the
double minima is an important feature in the band structure.

The geometries of the Ge wires investigated are shown in
Fig. 3. The diameter is taken to be the average dimension of
the parallelogram’s diagonals, which are �in nm� 0.47, 1.37,
and 2.8 for the three wires studied. This cross-sectional
shape is chosen to maximize the area of low-energy �111�
surfaces; however, it is believed that wires with diameter
larger than 1.5 nm prefer a hexagonal shape.28,29 The wire
shape chosen for this study may not be optimal, but it is
known that the band structures for these parallelogram-
shaped wires are similar to those calculated for hexagonal
wires.30 There is an uncertainty in identifying the cross-
sectional diameter of the structures. For the wires in Figs.
3�d�, 3�b�, and 3�a� the cross-sectional diameters range �in
nm� from 0.34 to 0.42, 1.1 to 1.6, and 2.1 to 3.2, respectively.
We propose that the diagonal measure of the wire is a good
approximation because it is the largest dimension that will
produce the narrowest features of the band edges. Confine-

ment in the �111� and �1̄1̄2� directions will produce features
inside the bands. A region of at least 12.2 a.u. of vacuum
buffers the wires in neighboring cells in the x and y direc-
tions. The translational periodicity along the wires, in the z
direction, is

�2
2 acubic. Sampling three unique points in the kz

direction is sufficient for total energy convergence to better
than 1 meV.

The positions of the atoms are selected according to the
lattice parameter calculated for bulk Ge. The surfaces are
passivated with hydrogen positioned to eliminate surface
states from the gap. Hence, the calculations predict the effect
of confinement on the HOMO-LUMO gap, while suppress-
ing surface effects. To examine the influence of internal
structural relaxation, the two smallest wires are fully relaxed,
shown in Figs. 3�c� and 3�e�. Only atoms within one atomic
layer of the surface are observed to move, and the most
pronounced changes are at the corners of the parallelograms.
Comparison of the relaxed and unrelaxed electronic struc-
tures reveals a change in the HOMO-LUMO gap of
290 meV for the smallest wire and a 50-meV change for the
1.37-nm wire. The E�kz� dispersions for the 0.47 nm wires
are plotted in Fig. 4. Qualitatively the shapes of the band
edges do not change, yet individual bands are observed to
shift. We find the internal relaxation for wires larger than
1.3 nm to be negligible.

In addition to identifying the HOMO-LUMO gap in these
wires, it is also desirable to align the bands in the different
wires. We increase the vacuum region by 12.5 a.u. in the x
direction, and a hydrogen molecule is placed between the
wires, as shown in Fig. 5. The molecule is aligned in the y
direction with a bond length of 1.5 a.u. The energy disper-
sion in the kz direction for an isolated H2 molecule in a
periodic cell with dimensions 15.0�17.0�7.5066 a.u. is

FIG. 1. The band structure of Ge calculated within pseudopo-
tential density-functional theory. The energy zero is taken arbitrarily
to be the VBM.

FIG. 2. �Color online� The band structure of Ge projected in the
�110� direction.

FIG. 3. �Color online� The cross sections of the �110� Ge wires
studied: �a� 2.8 nm diameter, �b� 1.37 nm diameter, �c� 1.37 nm
diameter with full internal relaxation, �d� 0.47 nm diameter, and �e�
0.47 nm diameter with full internal relaxation.
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shown in Fig. 6. We find that the states are flat and nearly
molecular; the H2 molecular levels are a good reference for
aligning the bands. Because all of the wires have the same
period in the z direction, any interaction between the hydro-
gen molecules need not be considered.

The dispersion in the kz direction for the three wires is
plotted in Fig. 7. As the diameter increases, the gap decreases
and approachs the predicted bulk band gap. The band edges
becomes significantly more bulklike as the diameter in-
creases. At a diameter of 2.8 nm, the conduction bands at the
Brillouin-zone edge are almost level with the bands at � as
predicted for the bulklike bands in Fig. 1. The 1.37-nm and
2.8-nm wires have the same VBM. For Ge nanowires with
diameters greater than 1.4 nm, the change in the HOMO-
LUMO gap is due entirely to the confinement of the CB
states. This is consistent with the CB states being inherently
less localized than those of the VB.

Within a simple “particle-in-a-box” model, it is predicted
that as the diameter D is changed, the band gap will vary as
1

D2 . The calculated HOMO-LUMO gap versus the diameter is
fit to the function

Egap�D� =
�

D� + 0.44, �1�

with �=1.20 and �=0.98 as is shown in Fig. 8.
In bulk insulating crystals the self-energy correction to the

Kohn-Sham eigenstates, solved for within the GW approxi-
mation, results in a rigid shift of the bands, effectively open-
ing the band gap to near the experimentally predicted gap.31

For the work here, such a rigid shift would leave the coeffi-
cients � and � unaffected. The effect of confinement on the
corrections due to many-body interactions cannot be known
a priori. It is observed in Si nanowires that confinement
results in a larger self-energy correction in smaller-diameter
wires.15 One might postulate that if the GW correction were
applied to the results in this paper, a small increase in the
value of �, and possibly �, would be observed.

Comparison to previous work indicates the same relative
trends.16,17 We observed that the calculated HOMO-LUMO
gap for bulk Ge is highly sensitive to the choice of pseudo-
potential. This might explain the difference between the cal-

FIG. 4. �Color online� The E�k� dispersion for the 0.47-nm-
diam wires. The energy zero is set arbitrarily to be at the VBM. �a�
is the band structure calculated by holding the Ge fixed according to
the bulk crystal structure. �b� shows the bands calculated when the
entire wire structure is allowed to relax to minimize the total
energy.

FIG. 5. �Color online� The geometry of the supercell with a H2

molecule to be used as reference. The dashed lines are the bound-
aries between the neighboring cells. The distance between the sur-
faces of wires in neighboring cells and the H2 molecule is 12.5 a.u.

FIG. 6. The local-density-approximation band structure in the kz

direction of an isolated H2 molecule. The z dimension of the com-
putational cell is selected to have the same periodicity as the Ge
�110� wires.

FIG. 7. �Color online� The Kohn-Sham E�k� dispersions for the
three wires.
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culations of Bruno et al.17 and the present work. The agree-
ment between the all-electron calculation of Kholod et al.16

and the present work, for the smallest-diameter wire, gives
us confidence that the pseudopotential approach is as ex-
pected. The slight divergence between the previous study16

and the present work, at larger diameters, can possibly be
explained by the difference in wire cross section or by the
difference between the pseudopotential and all-electron po-
tentials.

The dependence of the VBM and CBM on D is fit to

EVBM�D� =
− 0.11

D2.2 �2�

and

ECBM�D� =
0.95

D0.8 + 0.44, �3�

with the resulting curves plotted in Fig. 9. It is significant
that for small wires, the effect of confinement is greater on
the VBM than on the CBM. For large wires, the VBM is
relatively unaffected by the wire’s diameter and all of the
change in the band gap is due to changes in the CBM. Figure
9 shows the response of the VBM and CBM to changes in
the wire diameter; however, it is not an indication of the
overall effect of confinement on the wave functions. As
observed in Fig. 7 changing the wire diameter from
0.47 nm to 1.37 nm significantly affects the shape of the va-

lence band E�k� dispersion, reducing the energy of the states
near the Brillouin zone edge by approximately 0.3 eV rela-
tive to the VBM. Although the CBM is more sensitive to the
diameter than the VBM, the valence states are still strongly
affected by quantum confinement.

In summary, the energy dispersion for hydrogen-
passivated �110� Ge nanowires of different diameters is cal-
culated. Atomic relaxations only occur near the surface of
the wire and do not significantly affect the energy bands of
wires with diameter greater than 1.3 nm. The HOMO-
LUMO gap versus the wire diameter is fit to an appropriate
function to allow for the extrapolation of these results to
larger-diameter wires. The shape of the band edges becomes
bulklike for wires with diameters greater than 2 nm. The
CBM becomes twofold degenerate, as predicted from the
bulk projected bands, for wires with diameter greater than
around 3 nm. The effect of confinement on the CBM and
VBM is distinguished by using the molecular levels of H2 as
a reference. Confinement only significantly affects the VBM
for wires with diameters less than around 2 nm.
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