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Defect levels of dangling bonds in silicon and germanium are determined within their respective band gaps
through the use of hybrid density functionals. To validate our approach, we first considered the dangling bond
in silicon finding two well-separated defect levels in excellent correspondence with their experimental location.
Application to the dangling bond in germanium then yields two very close defect levels lying just above the
valence band, which is consistent with the experimental location of the charge neutrality level. The occurrence
of negative-U behavior leads to a reduced fraction of neutral dangling bonds, thereby suppressing the electron-
spin-resonance activity.
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I. INTRODUCTION

As the scaling of Si-based metal-oxide-semiconductor de-
vices is approaching its technological and physical limits,
several materials are being investigated as alternative future
solutions. In particular, germanium is currently subjected to a
renewed interest owing to its high electron and hole
mobilities.1,2 Germanium also offers other advantages com-
pared to silicon. Its lower electronic band gap allows for
reduced operating voltages1,2 and its lower processing tem-
peratures make it more suitable for integration with high-�
dielectric materials.3 However, current state-of-the-art
germanium/insulator interfaces show defect densities which
exceed operational requirements. While the nature of these
defects remains to be identified, the role of the dangling-
bond defect is being questioned.4 The measured defect den-
sity of states at germanium-oxide interfaces lacks the double-
peak structure4 �characteristic of the silicon dangling bond at
the analogous silicon-oxide interfaces�.5,6 Furthermore,
electron-spin-resonance �ESR� experiments at germanium-
oxide interfaces do not detect any signal which could be
assigned to the germanium dangling bond.4 A recent theoret-
ical study relates this behavior to the defect levels of the
dangling bond being located below the valence-band edge.7

However, in covalent semiconductors, these defect levels are
closely related to the charge neutrality level,8 which has ex-
perimentally been determined in the band gap at �0.1 eV
from the valence band.9,10

The theoretical modeling of defect energy levels is not a
trivial issue even in the presence of well-identified defect
structures. Indeed, the most common electronic-structure
methods based on semilocal density-functional calculations
severely underestimate electronic band gaps, thereby hinder-
ing a direct comparison between theory and experiment. This
problem is emphasized in the case of germanium, for which
such theoretical schemes give a vanishing band gap. To over-
come these difficulties, it appears therefore necessary to re-
sort to electronic-structure methods of higher level.

In this paper, we determine energy levels of dangling-
bond defects in silicon and germanium using hybrid density
functionals, which incorporate a fraction � of Hartree-Fock
exchange. We study the evolution of the defect levels as the

bulk band gap increases with the fraction �. For silicon, the
shifts of the band edges are consistent with many-body per-
turbation theory in the GW approximation11 and the defect
levels determined in correspondence of the experimental
band gap show excellent agreement with measured values.
Application to the dangling-bond defect in germanium re-
sults in two close charge-transition levels lying just above
the valence band. Their location is consistent with experi-
mental determinations of the charge neutrality level9,10 and
their small separation accounts for the suppression of the
ESR activity.4

This paper is organized as follows. The methodological
approach is described in Sec. II. In particular, we analyze
convergence issues related to the k-point sampling and the
description of charged defects in periodically repeated super-
cells. Dangling-bond levels for silicon and germanium are
calculated in Sec. III. The results are discussed in the context
of the available experimental characterization. The conclu-
sions are drawn in Sec. IV.

II. METHODS

The class of hybrid density functionals used in this paper
are based on the generalized gradient approximation pro-
posed by Perdew, Burke, and Ernzerhof �PBE�12 and are ob-
tained by replacing a fraction � of PBE exchange with
Hartree-Fock exchange.13 The specific functional defined by
the value �=0.25 is supported by theoretical considerations
and is known as PBE0.13 Our calculations are based on
plane-wave basis sets and normconserving pseudo-
potentials.14 The pseudopotentials were generated at the PBE
level and used in all calculations. For germanium, we in-
cluded a nonlinear core correction to account for the overlap
between valence and core states. The plane-wave basis sets
were defined by an energy cutoff of 70 Ry. The defect cal-
culations were performed with cubic supercells with a
Brillouin-zone sampling restricted to the � point. For the
determination of the band edges, primitive cells with a con-
verged k-point sampling were used. The integrable diver-
gence of the Hartree-Fock exchange term is explicitly
treated.15 Lattice parameters and structural relaxations were
obtained at the PBE level.16–20 For silicon, we calculated a
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lattice parameter of 5.48 Å and a bulk modulus of 88 GPa,
which are in good agreement with the experimental values of
5.43 Å and 98 GPa, respectively. For germanium, the calcu-
lated lattice parameter �5.76 Å� and bulk modulus �62 GPa�
similarly agree well with their experimental counterparts
�5.66 Å and 75 GPa, respectively�. Bulk and defect calcula-
tions were performed with the codes PWSCF 21 and CPMD,22

respectively.
For the dangling bond, the relevant defect levels corre-

spond to the charge-transition levels �+/0 and �0/−, which are
obtained from the formation energies of the defect in its vari-
ous charge states. The formation energy of a defect in its
charge state q depends on the electron chemical potential �
and is given by23

Ef
q��� = Etot

q − Etot
0 + q��v + � + �V� + Ecorr, �1�

where Etot
q is the total energy of the defect in its charge state

q, �v is the valence band for the defect-free bulk model, and
�V is the change of the reference potential upon introduction
of the defect. The total energies of the charged systems are
corrected for the spurious interaction Ecorr resulting from the
periodic boundary conditions.24 Charge transition levels cor-
respond to values of the electron chemical potential for
which two charge states of the defect have equal formation
energies.

The dangling-bond defect was created by removing four
neighboring atoms in a bulk supercell of 216 atoms. Nine of
the ten dangling bonds generated in this way were then pas-
sivated by H atoms. The core structure of our model corre-
sponds to that used in Ref. 7.

The choice of the model size resulted from the careful
analysis of convergence issues related to the k-point sam-
pling and to the description of charged defects in periodically
repeated supercells.24 The first issue arises because the defect

levels are calculated through a Brillouin-zone sampling re-
stricted to the � point, for which the band edges have not yet
reached convergence. Therefore, we considered the conver-
gence of the band gaps and band edges as a function of
k-point sampling. Results for Si and Ge are given in Figs.
1�a� and 1�b�, respectively. The results in Fig. 1 equivalently
give the convergence as a function of cell size in case the
k-point sampling is restricted to the � point. For cell sizes as
large as 512 atoms, band gaps are still overestimated by as
much as �0.1 eV. Thus, for typical supercell sizes used in
the defect-level calculations, this overestimation needs to be
accounted for. In Figs. 1�c� and 1�d�, we show the conver-
gence errors for the valence- and conduction-band edges of
Si and Ge, respectively. For the 216-atom model, the �-point
sampling leads to conduction-band errors of 0.18 and 0.12
eV and to valence-band errors of 0.02 and 0.03 eV for silicon
and germanium, respectively. The defect levels reported in
this paper are given with respect to the k-point converged
valence-band edge, which was determined using these cor-
rections.

The second issue concerns the correction Ecorr introduced
above. We calculated the defect levels of the dangling bond
in Si within PBE using models of different sizes, cf. Fig. 2.
We estimated the correction Ecorr using the dielectric con-
stants determined experimentally �12 for Si and 16 for Ge�.
The effect of Ecorr is appreciable for �+/0 and �0/− as illus-
trated for the silicon dangling bond in Fig. 2. The levels
calculated with and without Ecorr extrapolate for infinite size
to the same energy as expected. However, the errors at finite
size are smaller when Ecorr is included. In particular, the
model based on the 64-atom cell is too small to achieve a
reliable description even after accounting for Ecorr. These
considerations underlie our choice of adopting the model
based on the 216-atom cell for the defect calculations. In-
deed, for this model, Ecorr amounts to 0.11 and 0.08 eV for Si
and Ge, respectively, and its consideration reduces the error
in the estimation of the charge-transition levels from �0.1 to
�0.02 eV. Hence, these convergence tests show that, for the
adopted model size, the interaction between the defect and
its periodic images can be neglected provided the corrections
Ecorr are considered.
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FIG. 1. �Color online� Convergence of band gaps and band
edges for bulk Si ��a� and �c�� and Ge ��b� and �d�� with k-point
sampling. In �a�, the k-point samplings corresponding to a �-point
sampling in 216- and 512-atom simulation cells are indicated. Nk

being the number of k points used and Nat the number of atoms in
the simulation cell. In �c� and �d�, blue/dark gray and red/gray la-
bels correspond to the convergence error for the valence and con-
duction band, respectively.

0 0.02 0.04 0.06 0.08 0.1

1/L (Å
-1

)

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

en
er

gy
(e

V
)

VB

CB

ε0/-

ε+/-

ε+/0

FIG. 2. �Color online� Convergence of charge-transition levels
calculated for the Si dangling bond within PBE as a function of
model size. The �+/0 �black�, �0/− �red/gray�, and �+/− �blue/dark
gray� transitions are either obtained directly from total-energy cal-
culations �squares� or including corrections according to Ref. 24
�circles�.
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III. RESULTS AND DISCUSSION

As well known, the PBE band gaps of silicon �0.63 eV�
and germanium �0 eV� underestimate the experimental val-
ues �1.17 and 0.74 eV�. At the PBE0 level, the calculated
band gaps increase to 1.81 and 1.23 eV, respectively. While
Hartree-Fock exchange systematically enhances the band
gap,25 the agreement with experiment is not impressively
improved. This motivated us to consider the class of hybrid
functionals obtained by varying the fraction � rather than
focusing on one specific hybrid functional. The fraction � is
equivalent to an effective static screening of Hartree-Fock
exchange and its optimal value is naturally material depen-
dent. For both silicon and germanium, the evolution of the
valence- and conduction-band edges is found to be linear
with � as shown in Fig. 3. For silicon, band-edge shifts ob-
tained through GW calculations are included in correspon-
dence of the GW band gap �1.3 eV�11 showing good agree-
ment with the shifts obtained with the hybrid functionals.
While this result is encouraging, it is at present not clear to
what extent it can be generalized to other materials. There-
fore, we use the hybrid scheme with the free parameter � as
a practical scheme to achieve insight into the experimental
characterization. Correspondence with experimental band
gaps of silicon and germanium is achieved for �=0.11 and
0.15, respectively �Fig. 3�.

We first focus on the dangling bond in silicon. Upon re-
laxation, the structure around the threefold coordinated sili-

con atom underwent minimal changes and preserved its axial
symmetry. In the negative charge state, the back bonds are
elongated by only 0.02 Å with respect to the equilibrium
bond length. Contractions of 0.04 and 0.02 Å were found for
the positive and neutral charge state, respectively. Charge
transition levels �+/0 and �0/− were determined for PBE ��
=0�, PBE0 ��=0.25�, and the intermediate case with �
=0.10. The defect levels evolve linearly with � as already
observed for the band edges �Fig. 3�a��. However, the defect
levels shift only moderately when going from PBE to
PBE0—in accord with a general trend observed for localized
defect states.20 In both the PBE and PBE0 schemes, the two
charge-transition levels occur in the band gap �Table I�. In
particular, at �=0.10 �for which the calculated band gap is
close to the experimental value�, the defect levels are found
at 0.20 and 0.80 eV from the valence band, which are in
excellent agreement with their experimental locations at 0.26
and 0.84 eV.5 In particular, the correlation energy is im-
proved upon the PBE value �cf. Ref. 26�.

Next, we applied the same scheme to the germanium dan-
gling bond. The vanishing band gap of germanium within the
PBE scheme undermines the reliability of structural relax-
ations. Therefore, to achieve model structures of the germa-
nium dangling bond, we rescaled the relaxed 216-atom mod-
els of the silicon dangling bond in its various charge states
by the ratio between the equilibrium lattice parameters of the
two semiconductors.27 We calculated charge-transition levels
for PBE0 and for �=0.15 �Table I�. The evolution of the
defect levels with � is illustrated in Fig. 3�b� where a linear
dependence is assumed. In the PBE0 scheme, we found two
charge-transition levels in the lower part of the band gap
indicating the occurrence of three charge states in analogy
with the dangling bond in silicon. However, the correlation
energy of the dangling-bond defect in germanium is lower
than in silicon—consistent with its more extended spin den-
sity �Fig. 4�. In correspondence of the experimental band gap
��=0.15�, the charge-transition levels �+/0 and �0/− are found
at 0.05 and 0.11 eV from the valence-band edge, respec-
tively. In view of expectations for covalent semiconductors,8

it is reassuring that their location is in excellent agreement
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FIG. 3. �Color online� Valence-band edge �VB�, conduction-
band edge �CB�, and dangling-bond defect levels vs fraction of
Hartree-Fock exchange � for �a� Si and �b� Ge. Charge transition
levels �+/0 �red/gray squares� and �0/− �blue/dark gray circles� are
shown. Experimental band gaps are indicated. For Si, GW results
for band-edge shifts �Ref. 11� and measured defect levels �Refs. 5
and 6� are reported in correspondence of the GW and the experi-
mental band gaps, respectively.

TABLE I. Calculated charge-transition levels �+/0 and �0/− of the
dangling bond referred to the valence-band edge in Si and Ge.
Experimental values for Si are taken from Ref. 5. Values in paren-
theses correspond to linear extrapolations. Energies are in eV.

� Eg �+/0 �0/−

Silicon

PBE 0 0.63 0.02 0.48

PBE0 0.25 1.81 0.46 1.47

Intermediate 0.10 1.10 0.20 0.80

Experiment – 1.17 0.26 0.84

Germanium

PBE 0 0.00 �−0.17� �−0.35�
PBE0 0.25 1.23 0.19 0.40

Intermediate 0.15 0.74 0.05 0.11

Experiment – 0.74 – –
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with the experimental charge neutrality level of germanium
determined at 0.09 eV from the valence-band edge.9,10

The defect levels of the dangling bond in germanium
were recently addressed in Ref. 7 through semilocal func-
tionals and G0W0 calculations. The defect levels obtained
there with a semilocal functional are in qualitative agreement
with the extrapolation of our defect levels to PBE—both
showing inverted charge-transition levels �negative-U� below
the valence-band edge �Table I�. The G0W0 calculations sup-
port the defect-level location obtained with semilocal func-
tionals. This picture is consistent with our results corre-
sponding to a small fraction of Hartree-Fock exchange ��
�0.12� but contrasts with the description achieved in corre-
spondence of the experimental band gap ��=0.15�. At
present, it is difficult to adhere to one of these views solely
on the basis of theoretical grounds. Therefore, it is important
to examine the ensuing defect properties through comparison
with experiment.

To address experimental observations,4,5 we used the cal-
culated charge-transition levels in correspondence of the ex-
perimental band gaps. For both silicon and germanium, we
empirically introduced a Gaussian broadening of 0.1 eV cor-
responding to the measured density of dangling-bond states
at Si-SiO2 interfaces.6 We relied on a statistical description
which accounts for possible negative-U behavior introduced
by the broadening.

First, we address the density of dangling-bond states in
view of interpreting capacitance-voltage experiments.4,5 For
silicon, the characteristic double-peak structure in the density
of dangling-bond states is reproduced �Fig. 5�a��. Applied to
germanium, the small separation between the �+/0 and �0/−

charge-transition levels leads to a single peak just above the
valence-band maximum �Fig. 5�b��. Thus, the density of
dangling-bond states in germanium occurs in a region of the
band gap where the valence-band tails still give a sizeable
contribution to the defect density. Additional broadening ef-
fects are expected ensuing from the degeneracy between the
defect levels and the continuum of band tails, which is not
properly described in our models. These considerations pro-
vide an explanation for the absence of a distinct signature in
the experimental defect density.4

Our results also provide a rationale for the different ESR
activities of the dangling-bond defects at Si-SiO2 and
Ge-GeO2 interfaces. The large separation between the �+/0

and �0/− levels of the silicon dangling bond ensures a high
fraction of ESR-active neutral dangling bonds at charge neu-
trality �Figs. 5�c� and 5�e��. Conversely, the quasi-negative-U
character of the dangling-bond levels in germanium signifi-
cantly suppresses the amount of neutral dangling bonds
�Figs. 5�d� and 5�e��. For the values adopted in our model,
we derived for germanium a reduction by a factor of 4 as
compared to silicon. However, larger level broadenings or a
smaller charge-transition level separation �=�0/−−�+/0 could
easily further suppress the ESR activity.

IV. CONCLUSIONS

We determined the energy levels of the dangling-bond
defect in silicon and germanium through the use of hybrid
density functionals. For the silicon dangling bond, the
charge-transition levels �+/0 and �0/− were found at �v
+0.2 eV and �v+0.8 eV, respectively, which are in very
good agreement with experiment. For the germanium dan-
gling bond, our calculations yield two very close charge-
transition levels in the band gap at only �0.1 eV from the
valence-band edge. This location is consistent with the
charge neutrality level determined experimentally.9,10 Fur-
thermore, the proximity to the valence band and the small
correlation energy provide a plausible explanation for the
absence of clear defect signatures in electrical and ESR
experiments.4

Si Ge
111

FIG. 4. �Color online� Isosurface of spin density for the
dangling-bond defect in silicon and germanium. The dangling-bond
axis is aligned along the �111� direction. The atom carrying the
dangling bond is shown with its three neighbors. The relative scale
of the silicon and the germanium lattices is respected and the same
isosurface is shown in both cases.
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FIG. 5. �Color online� Densities of dangling-bond states �DOS�
in �a� Si and �b� Ge and their decomposition into charge-transition
levels for electron chemical potential � sweeping through the re-
spective band gaps. The corresponding occupation of the three
charge states is shown in �c� and �d�. In �e�, the fraction of ESR-
active dangling bonds in correspondence of charge neutrality is
given vs defect-level separation �=�0/−−�+/0. The separation calcu-
lated in this paper for Si and Ge are indicated by arrows. We used a
standard deviation of 0.1 eV for the distribution of charge-transition
levels �Ref. 6�.
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In view of the present results, it is interesting to comment
on the Fermi-level pinning at Si-metal and Ge-metal inter-
faces. The pinning at such interfaces is generally ascribed to
metal-induced gap states and is therefore expected to be
largely independent of the metal.8 However, recent experi-
ments in which the metal is varied show that the pinning
level ranges between 0.26 and 0.70 eV from the valence-
band edge for silicon and between 0.04 and 0.18 eV for
germanium.10 These values closely correspond to the charge-
transition levels calculated in this paper suggesting that the

dangling-bond states contribute to the confinement of the
pinning levels at Si-metal and Ge-metal interfaces.
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