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We present a comprehensive spin-density functional modeling study of the structural and electronic prop-
erties of donor-vacancy complexes �PV, AsV, SbV, and BiV� in Ge crystals. Special attention is paid to
spurious results which are related to the choice of the boundary conditions �supercell-cluster approach�, the
resulting band-gap width, and the choice of the points to sample the Brillouin zone. The underestimated energy
gap, resulting from the periodic conditions together with the local-density approximation to the exchange-
correlation energy, leads to defect-related gap states that are strongly coupled to crystalline states within the
center of the zone. This is shown to produce a strong effect even on relative energies. Our results indicate that
in all E centers the donor atom occupies a nearly substitutional site, as opposed to the split-vacancy form
adopted by the SnV complex in Si. The E centers can occur in four charge states, from positive to double
negative, and produce occupancy levels at E�0/ + �=Ev+0.1 eV, E�−/0�=Ev+0.3 eV, and E�=/−�=Ec

−0.3 eV.
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I. INTRODUCTION

Intrinsic limitations in carrier mobility in Si, together with
the recent advances in high-� dielectrics research, has led to
the resurgence of Ge as a key ingredient in a new generation
of ultrafast devices to operate in a regime of tens of
gigahertz.1,2 Recent defect studies in Ge are scarce, particu-
larly those dealing with the atomic and electronic details of
elemental radiation induced defects. This deficiency applies
not only to experimental reports �see Refs. 3, 4, and refer-
ences therein�, but to modeling studies as well.5–11 In this
context, a detailed understanding of the properties of defects
in Ge, especially those that may affect device yield and per-
formance, is highly desirable.

The class of vacancy-impurity complexes is particularly
important as we know that many substitutional centers �in-
cluding dopants� migrate by reacting with radiation- or ther-
mally generated vacancies.12 This also includes the actual Ge
atoms in Ge crystals. According to 71Ge tracer-diffusion
measurements, self-diffusion in Ge is dominated by a va-
cancy mechanism.13,14 This is a major departure from what
we know in Si, where self-interstitial mediated self-diffusion
plays an important role.15,16 The importance of vacancies in
Ge has been recently highlighted after ab initio calculations
predicting a formation energy for the single Ge vacancy as
low as 1.7–1.9 eV �depending on its charge state�.6 This is
considerably less than the 3.55 eV formation energy of a
self-interstitial in Ge,17 and comparably less than that of a
vacancy in Si which has been estimated as �4.4 eV.18 It also
suggests that at 600 °C the concentration of thermal vacan-
cies is about 1012 cm−3 in Ge, contrasting with much less
than one single vacancy per cm−3 under similar conditions in
Si.

Here, we report on ab initio density functional studies of
a class of prominent radiation defects in Ge, namely donor-
vacancy �DV� complexes �D=P,As,Sb,Bi�, also known as E

centers, which are responsible for heavy compensation ef-
fects in n-Ge crystals subject to MeV irradiation. We pay
special attention to the electronic structure of such com-
plexes, as well as to the approximations involved in treating
the host crystal, i.e., by using Ge supercells or Ge clusters.

Before summarizing previous experimental and theoreti-
cal results concerning the E centers in Ge, it is instructive to
present a short description of the analogous centers in Si.
Early electron paramagnetic resonance �EPR� experiments
on e-irradiated n-doped Si established much of their proper-
ties, including an atomic model shown in Fig. 1�a�.19,20 This
model is referred to as full-vacancy structure here, and we
discern it from the split-vacancy model shown in Fig. 1�b�,
which has been assigned to the tin-vacancy complex in
Si.21,22 The E centers in Si are produced by trapping mobile
vacancies next to n-dopants. They introduce a deep acceptor
state at around Ec−0.4 eV, and are stable up to about
�170 °C.19,23 Three valence electrons from the group-V
atom saturate Si atoms i�, j�, and k�, leaving two other elec-
trons in a lone pair state below the valence band maximum.
In the neutral defect, the Si radicals i, j, and k contribute with
a total of three electrons. These hybridize to form a fully
occupied a1

↑↓ state also lying below the valence band maxi-

FIG. 1. �Color online� Full-vacancy �a� and split-vacancy �b�
atomic models for a donor-vacancy complex in Si and Ge. The
donor and host atoms are represented in blue and yellow, respec-
tively. Vacant sites are shown in white.
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mum, plus a singly occupied doublet e↑ state located within
the band gap. According to a simple linear combination of
�i�, �j�, and �k� atomic orbitals �LCAO� centered on i, j, and
k radicals, we have

�a1
=

1
�3

�i + j + k�, �e =
a
�2

�i − j� +
b
�6

�i + j − 2k� ,

with a2+b2=1. The partial occupancy of the doublet in the
neutral state leads to a Jahn-Teller effect which translates
into an instability of the trigonal structure against atomic
motion. This explains the monoclinic-I pattern of the EPR
signal assigned to this complex.19 In samples doped with P,
As, and Sb, the hyperfine data show a large amplitude of the
unpaired electron at a unique Si atom lying on the mirror
plane.19,20 This is compelling evidence for an a�↑a�0 level
splitting order on neutral E centers in Si �PV0, AsV0, and
SbV0�. To our knowledge, the assignment of an EPR signal
to a BiV0 complex has not been reported so far.

The above-mentioned model is also supported by stress
alignment measurements,19 which indicate that the center is
tensile along the direction perpendicular to the mirror plane.
This was interpreted as being consistent with the occupancy
of the a� state with bonding character between i and j, lead-
ing to the formation of a weak reconstructed bond between
these two Si radicals. Surprisingly, optical absorption com-
bined with uniaxial stress measurements,20,24 conclude that
in the negative charge state the defect is compressive on the
plane, and this implies a reversal of the level splitting order
to a�↑↓a�0.

These features have been accounted for by density func-
tional calculations on hydrogen-terminated Si clusters.25

Jahn-Teller distortion energies �EJT� of 0.12 and 0.22 eV
were calculated for AsV0 and AsV−, underestimating the 0.57
and 0.37 eV values from early measurements.19,20,24 How-
ever, the derivation of EJT from experiments has been re-
cently revised,26 and the figures are now believed to be
�0.18 and �0.39 eV for AsV0 and AsV−, respectively, in
much better agreement with theory. Many other theoretical
attempts to study the E centers in Si have been reported in
the literature, particularly dealing with vacancy-assisted dif-
fusion of n-dopants and their deactivation upon clus-
tering.7,12,27–33 All these calculations but those from Ref. 12,
which employs the Green’s function method, use the super-
cell approximation to the host Si crystal. Such treatment was
often shown to fail in reproducing the observed Jahn-Teller
distortions of vacancy-related centers in quantitative and
qualitative terms �see, for example, Refs. 33 and 34�, and
any treatment of the Jahn-Teller effect has been carefully
avoided under these circumstances.

Perhaps due to difficulties in performing EPR measure-
ments in Ge, the E centers in this material are not as under-
stood as in Si. However, since the mid 1960’s the loss of
n-type conductivity in MeV irradiated Ge crystals has been
connected to the formation of these complexes.35,36 The pro-
cess is particularly efficient under �-ray and e irradia-
tion,3,37,38 and in Sb-doped Ge it has been estimated that
when the Fermi level is above approximately Ec−0.2 eV, the
introduction of each SbV defect results in the removal of

three free electrons, i.e., the complex has two acceptor states
below the Sb donor level.38 The double-acceptor character of
all four E centers in Ge was recently reported after deep-
level transient spectroscopy �DLTS� and Laplace-DLTS
measurements.3,39,40 First and second acceptor states were
located at around Ev+0.3 eV and Ec−0.25 eV, respectively.
Both levels shifted slightly towards the valence band top
when increasing the mass of the donor species. Electron
emission from the double negatively charged centers was
accompanied by a large entropy change, implying that the
free energy of ionization depends considerably on the tem-
perature.

Early electrical measurements on �-ray irradiated n-Ge
reported the n-p conversion after prolonged irradiations.41

The authors concluded that nearly all donor impurities were
converted into acceptor complexes, and these had levels at
0.10, 0.10, 0.12, and 0.16 eV above Ev in crystals doped
with P, As, Sb, and Bi, respectively. After type conversion, it
was found that the concentration of these acceptors is very
low and increases substantially with irradiation dose, up to
nearly the initial concentration of group-V impurities. The
acceptor nature of the above-mentioned complexes was fur-
ther supported by the fact that a small concentration of neu-
tral group-III acceptors was detected during electrical mea-
surements at cryogenic temperatures.41

Recent DLTS studies in 2 MeV e-irradiated Sb-doped
Ge-n+p mesa diodes also investigated the production of a
trap at �Ev+0.1 eV.42 However, from the electric field de-
pendence of the carrier emission rate, it was concluded that
this level is of donor type. Its activation enthalpy was found
to be 0.095 eV, and the level anneals out at 85 °C, simulta-
neously with the disappearance of SbV�−/0� located at Ev
+0.31 eV.42

Clearly, if the Sb-related levels at �Ev+0.1 eV from
Refs. 41 and 42 belong to the same defect, then we need to
further investigate this problem and resolve their apparent
contradictory conclusions.

Like the experiments, the number of theoretical reports on
ab initio modeling studies of E centers in Ge is rather lim-
ited.7,10,11 Höhler et al.7 report a comprehensive study deal-
ing with vacancy-impurity complexes in Ge. Despite calcu-
lating neutral and trigonal defects only, they found that the
split-vacancy43 configuration �DVsv� shown in Fig. 1�b�,
where the donor atom is located between two semivacancies,
is the ground state for D=Sb and Bi. Accordingly, full-
vacancy structures of SbVfv

0 and BiVfv
0 were found to be un-

stable, lying 0.64 and 0.86 eV above their ground-state con-
figurations, respectively.7 On the other hand, ground state
PV0 and AsV0 defects were found in the full-vacancy form,
0.81 and 0.41 eV below their split-vacancy structures, re-
spectively. We point out that the same work presents an
analogous picture for the E centers in Si, which cannot be
correct. The SbV0 defect in Si was identified with the
monoclinic-I G24 EPR signal in Ref. 20. This signal clearly
shows a strong 29Si hyperfine interaction with a unique
monoclinic Si site where about 60% of the spin density is
localized. These data agree only with the Jahn-Teller dis-
torted full-vacancy model.19,20 In Sec. III we suggest that this
discrepancy may derive from the supercell approximation,
and one way to minimize the problem will be proposed.
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This paper is organized in the following manner. In Sec. II
we introduce the calculational details, including the marker
method to locate defect levels in the gap. In Secs. III and IV
we report defect structures and energetics by using supercells
and clusters, respectively. Section V deals with the calcula-
tion of electrical levels of several E centers, and finally, the
conclusions are given in Sec. VI.

II. THEORETICAL METHOD

We use a spin-density-functional code �AIMPRO�,44 to-
gether with a Padé form45 for the local-density approxi-
mation.46 A Ge crystalline host was simulated either as a
cluster of Ge atoms �whose surface was saturated with hy-
drogen�, or as a periodic cubic supercell with 216 Ge atoms.
Defect-free clusters are centered at a Ge-Ge bond, D3d-sym-
metric, spherical in shape, and comprise 396 Ge and 198 H
atoms. Both supercells and clusters were produced by assum-
ing the experimental lattice constant of Ge. The H atoms
prevent unsaturated surface states from interacting with de-
fect states. The explicit treatment of electronic core states is
avoided by using the pseudopotentials of Hartwigsen,
Goedecker, and Hutter.47

Two types of basis functions are employed to represent
the Kohn-Sham states, namely uncontracted and contracted
functions. Uncontracted functions consist of sets of s, p, and
d-like atom centered Cartesian-Gaussian orbitals, whose ex-
ponents are kept fixed during the self-consistent cycle, but
their coefficients are free and independent. For Ge, H, and
the group-V species we assigned ddpp, pppp, and dddd ba-
sis sets, respectively, where each letter d or p stands for the
highest angular momentum of an spd set of functions with a
particular exponent. For example, Ge atoms have a total of 4
s, 12 p, and 12 d-like functions, whereas for H we have 4 s
and 12 p-like functions. For the contracted basis, a set of
fixed exponents and contraction coefficients are used to gen-
erate a combination of s, p, and d-like functions. A total of
four s, four p, and one d-like exponents combined with con-
traction coefficients were used for Ge. This type of basis is
referred to as 44G*. Its contraction coefficients were chosen
so that the energy per unit cell �Ecell�, lattice parameter �a0�,
bulk modulus �B�, and one-electron band structure reproduce
the results found with the uncontracted basis, i.e., Ecell
=−217.4509 eV, a0=5.584 Å, B=73 GPa. The lattice pa-
rameter and bulk modulus are to be compared with a0
=5.652 Å, B=77 GPa from measurements.48,49 Contracted
basis are useful without significant loss of accuracy when
placed on Ge atoms that are located on bulklike regions.

In cluster calculations, Ge atoms were divided into three
regions, namely �i� an inner region made up of five atomic
shells �32 Ge atoms� with uncontracted basis; �ii� an inter-
mediate region with contracted basis comprising 15 shells
�256 Ge atoms�; and �iii� an outer region with 108 Ge atoms
bonded to 198 H atoms, both with uncontracted basis. Ge
atoms �as well as H atoms� from the outer region are kept
locked to their positions during atomic relaxation. Figure 2
depicts the average bond length taken from the four bonds of
Ge atoms located on shells 1 to 20, after atomic relaxation of
a defect-free cluster. Circles and squares represent data ob-

tained when using the above-mentioned three-region clusters
with two Ge basis sets �44G*+ddpp�, as well as for a cluster
where uncontracted basis functions �ddpp� were placed on
all Ge atom sites, respectively. Experimental and theoretical
�from a periodic calculation� lattice constants are also shown
for comparison. It is clear that the atomic displacements are
almost insensitive to the basis scheme. The clusters were
made by assuming the experimental lattice constant, which
leads to an average bond length of about 2.447 Å on the
outmost frozen shells. After atomic relaxation the inner bond
lengths shrink by at most 0.02 Å, towards the theoretical
bond length, and consequently lead to a bond expansion of
about 0.01 Å on the intermediate region �shells 8–14�. The
uncontracted basis calculations tend to result in slightly
longer bond lengths. This is a consequence of a small dis-
crepancy ��0.005 Å� between lattice parameters obtained
with both basis sets.

In supercell calculations only uncontracted basis functions
were used. The charge density, hartree, and potential energies
are dealt in reciprocal space, and to that we employ plane
waves of up to 400 Ry kinetic energy. In these calculations,
we have to integrate the band structure over the Brillouin
zone �BZ�. This was carried out according to three schemes,
namely �i� at the � point; �ii� at a star of 8 special k points
�MP-23�, properly folded according the symmetry of the
cell,50 and �iii� at the L point located at �111�� /a, where a is
the edge length of the cubic supercell.

The location of the electrical levels was estimated by us-
ing the marker method.51,52 Here, we calculate the electron
affinity of, say, a PV defect in a cluster or supercell,
APV�−/0�=E�PV−�−E�PV0�, where E�PVq� is the total en-
ergy of the cluster or supercell embedding the defect in
charge state q. A charged defect is obtained by adjusting the
total number of electrons in the system. For periodic calcu-
lations a compensating uniform charge density has to be dis-
tributed throughout the cell in order to converge the Coulom-
bic energy.

FIG. 2. Bond lengths �Å� between atoms at specific atomic
shells in fully relaxed Ge396H198 clusters. Only those shells that
were allowed to relax are shown �1–20�. The experimental and the-
oretical �from a periodic calculation� bond lengths are represented
as dashed and solid horizontal lines, respectively. Squares represent
the results when using uncontracted �ddpp� basis on all Ge atoms,
whereas circles represent the results when using uncontracted basis
on the 5 inner shells combined with contracted basis on the next 20
outer shells �44G*+ddpp�.
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When no defect is present, the electron affinity of the
cluster or supercell, A�−/0�=E�Ge−�−E�Ge0�, is the conduc-
tion band potential �Ec� with respect to the vacuum level,
and A�−/0�−APV�−/0� is the enthalpy for emission of an
electron from the acceptor level to the conduction band.
Analogously, we can use IPV�0/ + �=E�PV0�−E�PV+� to lo-
cate a PV�0/ + � donor level. In a defect-free cluster or super-
cell, I�0/ + � is the valence band maximum energy �Ev�.
Hence, the donor level of PV is calculated at Ev+ IPV�0/ + �
− I�0/ + �.

The hydrogen atoms at the cluster surface produce a con-
fining potential which sets the gap of the Ge cluster to Eg

=2.04 eV.60 This is almost three times the experimental
value, and compromises any calculation of electrical levels
on the grounds of the above-mentioned method. On the other
hand, it is well known that the local density approximation to
the exchange-correlation functional severely underestimates
the gap on periodic calculations.53 Here, we obtain 0.10 and
0.14 eV for direct ��8v−�7c� and indirect ��8v−L6c� gap
transitions, which are to be compared to 0.90 and 0.74 eV
measured at 1.5 K.54 These discrepancies also have conse-
quences for the accuracy of the calculated levels.

Additional problems arise from spurious multipole inter-
actions between a defect and its periodic images in supercell
calculations, and several compensating schemes have been
proposed in the literature �see, for example, Refs. 55 and 56,
and references therein�. Considering a standard characteristic
supercell size L�11–17 Å, we end with dominant mono-
pole corrections of the order of 0.1 eV for first donor states,
and �0.4 eV for second donor states. These errors are unac-
ceptable when dealing with a 0.7 eV gap material.

One way to circumvent these difficulties is to calculate
A�−/0� or I�0/ + � for a well-characterized defect �marker�
with acceptor or donor levels measured at Ec−�Hm

exp�−/0� or
Ev+�Hm

exp�0/ + �, respectively. We may then estimate the er-
ror in the calculated acceptor level of the marker,

�m
−/0 = �A�− /0� − Am�− /0�	 − �Hm

exp�− /0� ,

or in the calculated donor level of the marker,

�m
0/+ = �Im�0/ + � − I�0/ + �	 − �Hm

exp�0/ + � .

Taking again the PV center as a case study, and assuming
that �m

−/0
�PV
−/0 and �m

0/+
�PV
0/+, the enthalpies for electron and

hole emission from a PV defect may be written as

�HPV�− /0� = �A�− /0� − APV�− /0�	 − �PV
−/0,

�HPV�0/ + � = �IPV�0/ + � − I�0/ + �	 − �PV
0/+,

or

�HPV�− /0� 
 Am�− /0� − APV�− /0� + �Hm
exp�− /0� ,

�HPV�0/ + � 
 IPV�0/ + � − Im�0/ + � + �Hm
exp�0/ + � .

The marker method works best when the acceptor or do-
nor states of the marker are similar in symmetry and extent
to those of the defect under scrutiny. This condition leads to
essentially similar values of �PV

q−1/q and �m
q−1/q.51 The marker

method is particularly suitable for supercell calculations
where band dispersion effects and strain interactions between
the defect and its periodic images are strongly canceled. For
this reason, we have chosen the SbV complex as marker.
Recent DLTS studies revealed that this defect is responsible
for a donor level at Ev+0.09 eV, as well as for first and
second acceptor states at Ev+0.31 eV and Ec−0.30 eV,
respectively.40,42

Let us illustrate how the marker method actually works
for a particular case. The cluster results for SbV give
ASbV�−/0�=−3.33 eV, locating SbV�−/0� at 3.33 eV below
the vacuum level. The same calculation for PV gives
APV�−/0�=−3.31 eV, placing the PV�−/0� level 0.02 eV
above SbV�−/0�. From Refs. 40 and 42 we know that
SbV�−/0� lies at Ev+0.31 eV, and hence PV�−/0� is esti-
mated at Ev+0.33 eV, i.e., 0.01 eV off the experimental
value.

III. SUPERCELL CALCULATIONS

As already pointed out, the Ge gap is severely underesti-
mated under the local density treatment of the exchange-
correlation potential.53 This poses a serious problem when
we aim at studying gap levels produced by defects. Supercell
calculations invariably sample the band structure over a set
of special k points in the Brillouin zone. This is often done
according to the scheme proposed by Monkhorst and Pack,50

which is referred to as MP-n3 and uses a uniform grid of n3

points. Because degenerate levels may split away from �,
estimation of Jahn-Teller energies is not reliable when using
MP sets with n�1. However, in a cubic zone there are two
high-symmetry points where the Hamiltonian is real, and
where full multiplet structure is available. These are k=�
and k=L= �111�� /a, with a being the edge length of the
cell.

Figure 3�a� depicts the one-electron band structure of Ge
obtained from the Kohn-Sham eigenvalues along �111	 and
�1̄11̄	 directions in a 216 Ge atom supercell with a=3a0.
Only conduction band minimum and valence band maximum
bands are shown, and these limit the red hatched areas. The
white area in Fig. 3�b� represents the variation of the gap at
the k-points of interest for the present study. If a trigonal
SbV defect aligned along �111	 is placed in the cubic cell, the
MP-23 k point grid reduces to k1

*= �111�� /6a0 and three
equivalent points at k2

*= �11̄1̄�� /6a0, �1̄11̄�� /6a0, and
�1̄1̄1�� /6a0.61 These are represented as vertical lines in Fig.
3�a�, and the direct gap at k1

* and k2
* is �0.4 eV.

As mentioned in the Introduction, the three Ge radicals of
a trigonal E center give rise to a singly occupied e level lying
in the gap, plus a fully occupied a1 level below the valence
band top. In a supercell calculation, e and a1 levels are as-
sociated with doubly degenerate and nondegenerate bands.
The latter lies well below Ev and will be disregarded. Doubly
degenerate defect bands from full-vacancy and split-vacancy
SbV defects in a 216 atom cell are represented in Fig. 3�a� as
solid and dashed lines, respectively. Note that each defect
band along �111	 is doubly degenerate, and their occupancy
for the neutral charge state is represented in Fig. 3�b�. This
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figure makes clear that � is not a good sampling point as the
e state lies above the conduction band minimum. Conse-
quently, in SbV0 the paramagnetic electron drops to the con-
duction band bottom, and the defect is effectively ionized.

Inspection of the wave function of the defect state at k2
*

shows two difficulties that prevent us from relying on MP
schemes to sample the BZ. �i� For a neutral SbVfv with C3v
symmetry, the highest occupied state �low-energy branch of
the defect band� is strongly mixed with the valence band
states. This is shown in Fig. 3�a� by their similar dispersion
curvatures around k2

*. Consequently, the gap state is highly

delocalized and spans the entire supercell volume. �ii� For
the SbVsv structure with D3d symmetry, most of the low-
energy branch of the defect band lies below the valence band
top, and the defect is effectively in the negative charge state.
Figure 3�b� shows that at k2

* the SbVsv defect �D3d� has its
doublet split into a� and a� states, with the former being fully
occupied. This means that under these circumstances the
center will be effectively in the negative charge state.

Alternatively, at k=L the gap is about 0.6 eV; defect
states lie about midgap and are strongly localized on the Ge
dangling bonds. This is certainly not a dense set of k points,
but as we shall see, it may provide a compromise solution.

In Table I we report the energy difference Esv−Efv, be-
tween split-vacancy and full-vacancy structures. Supercell
calculations using �, MP-23, and L sampling points are com-
pared along with cluster results. All defects have trigonal
symmetry, i.e., atomic relaxations were subject to a symme-
try constraint. From Table I we note that in general, the
larger the direct gap involved in the calculation, the larger
the Esv−Efv energies. In �-point and MP-23 calculations, the
mixing between defect and crystalline states leads to Esv
−Efv figures which are weakly sensitive to the charge state.
The effect may be understood with help of Fig. 3�b�, and is
particularly severe for � sampling. That figure shows that
SbV+, SbV0, SbV−, and SbV= will possess an empty e level,
while conduction band states will be filled up with electrons.
A similar effect takes place at k2

*, but now the defect bands
are strongly mixed with the valence band. We note that at k1

*

defect levels are well within the gap. Therefore, the conse-
quences of band mixing at the MP-23 points are not as severe
as in �-point calculations. A charge density plot of defect
states at k2

* allowed us to conclude that they are rather delo-
calized over the supercell volume.

On the other hand, defect gap states at k=L are strongly
localized at Gei, Gej, and Gek atoms, and the supercell results
are closer to the cluster calculations. This shows how careful
we have to be when it comes to the choice of the sampling
scheme for this type of periodic calculation. The cluster cal-
culations give even higher Esv−Efv values, and we believe
that this is a consequence of the overestimated gap width. In
order to assess the convergence of the periodic calculations
with the size of the supercell �and consequently with the
Brillouin zone sampling�, we had a look at Esv−Efv for SbV
on 512 atom supercells with L sampling and ddpp basis on
all Ge atoms. These calculations give 0.23 and 0.14 eV for

FIG. 3. �Color online� �a� Kohn-Sham band structure of a per-
fect 216 Ge atom supercell �red hatched area�, along with the
defect-related band arising from C3v-symmetric �solid black line�
and D3d-symmetric �dashed black line� SbV0 complexes aligned
along �111	. �b� Schematic representation of the one-electron filling
at relevant k points for neutral SbV defects. Only the lowest unoc-
cupied and the highest occupied bulk states �thick red lines� are
explicitly shown. Other states related to the SbV complex are reso-
nant with the host density of states. The band structure is repre-

sented from L= �111	� /2a0 to L= �1̄11̄	� /2a0, through k1
* and k2

*

special k points from the MP-23 sampling grid.

TABLE I. Energy difference �Efv−Esv�, between split-vacancy and full-vacancy E centers in Ge in charge
states of interest �in eV�. The results were obtained from cluster calculations, and supercell calculations with
the � point, MP-23, and L-point schemes to sample the BZ. In all calculations the full-vacancy defects have
a lower total energy.

PV AsV SbV BiV

Charge � MP-23 L Cluster L Cluster � MP-23 L Cluster L Cluster

+ 0.86 0.83 1.21 1.66 0.73 1.10 0.08 0.05 0.28 0.38 0.17 0.35

0 0.86 0.83 1.11 1.51 0.66 0.99 0.10 0.08 0.22 0.23 0.06 0.17

− 0.85 0.82 1.00 1.32 0.61 0.84 0.10 0.10 0.18 0.18 0.06 0.16

= 0.85 0.76 0.90 1.04 0.53 0.62 0.14 0.11 0.13 0.08 0.05 0.08
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SbV0 and SbV−, and are to be compared to 0.22 and 0.18 eV,
respectively, which were obtained by using 216 atom cells.
All these results do not agree with previous calculations sug-
gesting that SbV and BiV occur in a split-vacancy form.7

The high-symmetry character of the L point in the BZ not
only leads to strongly localized defect states in the gap, but
also presents us with a real Hamiltonian. This means that
level degeneracy is recovered �see Fig. 3�a�	, and we are able
to estimate the Jahn-Teller relaxation energies using the su-
percell approach. A monoclinic distortion splits the e state
into a�+a�. This is shown in Fig. 4�a�. If the distortion is
compressive, a bonding state �a� between Gei and Gej lies
below �a�, resulting in a shortening of the Gei-Gej distance.
This is commonly referred as pairing �P� distortion,19 and
the neutral charge state has an unpaired electron strongly
localized on the Gek radical �see Fig. 4�b�	. On the contrary,
if the distortion is tensile, an antibonding state �a� between
Gei and Gej is occupied, and the Gei-Gej distance is greater
that Gei-Gek. This is referred as resonant-bonding �RB�
distortion,57 and the neutral defect has an unpaired electron
on a nodal state as shown in Fig. 4�c�.

Three coordinates are chosen to characterize the structure
of the E centers, namely QJT, l, and QD, standing for the
Jahn-Teller coordinate, the mean distance between radicals,
and the donor distortion coordinate, respectively. These are
defined as

QJT =
rij − l

l
, QD =

2rD

r0
,

with

l = �rij + 2rik�/3,

where rij is the separation between Gei and Gej atoms, r0 is
the nearest-neighbor Ge-Ge distance, and rD the displace-
ment of the donor atom from the substitutional site towards
the bond-centered site. In supercell calculations, we consider
the experimental lattice constant, r0=2.447 Å, whereas in
cluster calculations r0=2.439 Å, which is the Ge-Ge distance
at the center of the relaxed defect-free cluster. QD is a frac-
tional displacement of the donor atom, ranging from QD=0
�D atom lying at the substitutional site�, up to QD=1 �where
the defect takes the split-vacancy form�. For trigonal struc-
tures QJT=0 and l=rij =rik.

The electronic ground-state configurations of DV+, DV0,
DV−, and DV= complexes were found to possess a total spin
S=0, 1/2, 1, and 1/2, showing C3v, C1h, C3v, and C1h sym-
metric structures, respectively. Table II shows the relevant
structural details of trigonal DV+ and DV− defects. These
complexes suffer a compressive volumetric relaxation. Val-
ues of l are compressed with respect to bulk by �0.2 and
0.5 Å for DV+ and DV−, respectively. These isotropic distor-
tions are only 0.1 Å stronger than those obtained using the
cluster calculations. The location of the donor atom is also
reported in Table II. Again, displacements QD from supercell
calculations are slightly larger than those from cluster re-
sults. Whereas the donor atom is displaced by rD
0.07, 0.2,
0.4, 0.7 Å for PV, AsV, SbV, and BiV defects in a supercell,
cluster calculations give rD
0.03, 0.1, 0.2, and 0.3 Å, re-
spectively. These displacements are rather far from the rD

1.2 Å for a split-vacancy structure.

Neutral and doubly negative DV complexes with C3v
symmetry possess a partially occupied doublet state �with 1
and 3 electrons, respectively�. This implies that this structure
is unstable against a Jahn-Teller distortion. Monoclinic dis-
tortions leading to resonant bonding �rij � l� and pairing
�rij 	 l� structures were investigated. Despite starting struc-

FIG. 4. �Color online� One-electron energy level ordering of an E center in Ge under resonant-bonding �RB�, C3v, and pairing �P�
distortions, together with diagrams showing the atomic distortions �a�. Gap states of the E center, �a� and �a�, represented in �b� and �c�,
respectively. CBM and VBM in �a� stand for conduction band minimum and valence band maximum, respectively.

TABLE II. Structural details of full-vacancy E centers in Ge
with C3v symmetry. Positive and negative charge states have spin-0
and spin-1 ground states, respectively. It also reports the mean dis-
tance, l, between Ge radicals �in Å�, as well as the donor distortion
coordinate QD �see the text�. The nearest-neighbor and second-
nearest-neighbor distances at the center of a defect-free cluster �su-
percell� are r0=2.439 Å �2.447 Å� and l0=3.986 Å �3.995 Å�,
respectively.

Supercell Cluster

Defect l QD l QD

PV+ 3.715 0.054 3.853 0.048

PV− 3.445 0.060 3.498 0.070

AsV+ 3.731 0.162 3.828 0.154

AsV− 3.459 0.182 3.522 0.182

SbV+ 3.779 0.324 3.877 0.268

SbV− 3.516 0.344 3.551 0.302

BiV+ 3.856 0.538 3.904 0.418

BiV− 3.664 0.558 3.647 0.460
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tural optimizations with configurations possessing −0.3

QJT
 +0.3, no meaningful distortions were found upon
atomic relaxation. Only PV0 and AsV0 exhibit tiny pairing
distortions with QJT
−0.003, which correspond to a struc-
tural relaxation energy EJT	2 meV with respect to the trigo-
nal defect. These figures are certainly smaller than the error
bars of the method, and all we can conclude is about the
smallness of these distortions in Ge when compared to Si.
Remember that the experimental estimates of EJT for AsV0

and AsV− in Si are �0.18 and �0.39 eV.

IV. CLUSTER CALCULATIONS

Now we discuss the results from cluster calculations.
Table I shows that Esv−Efv decreases by �0.6−0.3 eV when
going from DV+ to DV=, and also decreases by 1.3–1.0 eV
from PV to BiV. Clearly, PV and AsV full-vacancy structures
are very stable where Esv−Efv�0.6 eV. This energy differ-
ence is smaller for SbV and BiV, especially in the double-
negative charge state where it is less than 0.1 eV. If we as-
sume an atomic jump frequency attempt of �1013 s−1 at T
=�, we conclude that even at T=80 K the rate of thermally
activated jumps between the two �111�-aligned full-vacancy
structures will be �108 s−1 for SbV= and BiV= complexes.
This may have consequences for experiments, especially for
DLTS where carrier emission peaks are scanned over a scale
of up to a few hundred kelvin. If the reorientation rate of the
defect becomes much faster than the carrier emission rate, a
thermal-averaged signal arising from all accessible defect
alignments will be observed �see, for example, Ref. 58�.

In Table III we report the structural details of Jahn-Teller
distorted full-vacancy DV complexes from cluster calcula-
tions. In line with the supercell results, DV+, DV0, DV−, and
DV= have ground-state structures with C3v, C1h, C3v, and
C1h, respectively.

In the positive charge state, the e state is empty �see Fig.
4�a�	 and the defects adopt a perfectly trigonal structure. The
distance separating the three pairs of Ge radicals is about
0.1 Å shorter than in bulk, and the P, As, Sb, and Bi atoms

are displaced from the substitutional site towards the neigh-
boring vacancy site by about 5, 15, 27, and 42% of half the
nearest-neighbor distance, r0 /2 �see Table II�, respectively.
Also in agreement with the supercell results, negatively
charged defects were found with a spin-1 ground state and
C3v symmetry. In DV−, Ge radical distances are shortened
with respect to bulk values by �10% and the donor atom
displacement from the substitutional site, rD, varies between
0.1 and 0.8 Å. This corresponds to about 7 to 46% of r0 /2.
Monoclinic �C1h� DV− defects with S=0 were found to be
metastable by 57, 68, 60, and 53 meV for D=P, As, Sb, and
Bi, respectively.

Neutral and double negatively charged PV and AsV cen-
ters are not stable in a resonant bonding configuration. They
spontaneously attain the pairing structure upon atomic relax-
ation. On the other hand, in these charge states SbV and BiV
centers are bistable. Here, relative energies of resonant bond-
ing and pairing configurations are effectively degenerate and
they are separated by a potential barrier as low as EJT
�50 meV. It means that both configurations are accessible
at cryogenic temperatures. Resonant-bonding DV0 and DV=

centers show a�↑ and a�↑↓a�↑ electronic configurations, re-
spectively. The highest occupied states are similar in shape to
those represented in Figs. 4�b� and 4�c�. The higher occu-
pancy of a� results in a small net repulsive interaction be-
tween Gei and Gej, the defect relaxes by EJT�25–48 meV,
andrij distances are slightly longer �by 1–4%� than l.

Similar conclusions may be drawn for the pairing struc-
tures. Now DV0 and DV= possess a�↑ and a�↑↓a�↑ electronic
structures, respectively, and the higher occupancy of the a�
state results in a bonding interaction between Gei and Gej.
The Jahn-Teller energy gain is about EJT�24–56 meV, and
the rij distances are reduced by 1–7% with respect to l.

It is interesting to note that the configurational space that
is accessible by PV=, AsV=, and especially SbV= and BiV= is
considerably larger than that for negatively charged states.
The latter have a unique C3v orientation. The monoclinic
SbV= and BiV= structures can easily hop within a total of 12
C1h configurations,59 whereas PV= and AsV= can jump be-
tween three equivalent Jahn-Teller distorted configurations.

TABLE III. Structural details of stable JT distorted �neutral and double-minus charge states� E centers in
Ge clusters. It includes the bond distance between Gei and Gej, rij �in Å�, the mean distance �in Å� between
Ge radicals, l, donor distortion coordinate QD, JT coordinate QJT, and JT relaxation energy EJT �in eV�. The
nearest-neighbor and second-nearest-neighbor distances at the center of a defect-free cluster are r0

=2.4387 Å and L0=3.9863 Å, respectively. NS stands for not stable.

Resonant bonding Pairing

Defect rij l QD QJT EJT rij l QD QJT EJT

PV0 NS 3.372 3.603 0.052 −0.064 44

PV= NS 3.227 3.319 0.088 −0.028 39

AsV0 NS 3.368 3.611 0.158 −0.067 38

AsV= NS 3.272 3.352 0.202 −0.022 37

SbV0 3.807 3.678 0.284 0.035 48 3.434 3.653 0.282 −0.060 56

SbV= 3.487 3.411 0.358 0.022 31 3.350 3.412 0.354 −0.018 31

BiV0 3.861 3.765 0.432 0.026 37 3.597 3.753 0.434 −0.042 39

BiV= 3.562 3.522 0.508 0.011 24 3.498 3.542 0.522 −0.012 24
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This could contribute to the large entropy changes ��S
�2–4 kB� that were reported to occur during the DV�=/−�
transitions.

V. ELECTRICAL LEVELS

As mentioned in Sec. II, electrical levels of DV com-
plexes were calculated by comparing their electron affinities
and ionization energies to the same quantities for the SbV
complex. The level location is then offset by experimental
data related to SbV.40,42 Table IV reports the positions of
�0/ + �, �−/0�, and �=/−� levels for all E centers calculated by
using L-point sampled supercell �SC� and cluster �CL� meth-
ods. Hall effect and DLTS data are also shown for compari-
son. Ionization enthalpies and free energies ��H and �G�
and activation energy ��E� for carrier emission �indexed by
e for electrons and h for holes� are reported with respect to
the valence band top �for hole emission�, or with respect to
the conduction band bottom �for electron emission�. A con-
sequence of choosing SbV as a marker is that its calculated
levels are identical to the measurements.

From the cluster calculations, ionization energies of PV,
AsV, SbV and BiV are I�0/ + �=−4.56, −4.57, −4.59, and
−4.58 eV. Offsetting these energies by −ISbV�0/ + �
+�HSbV

exp �0/ + �=4.59+0.09 eV, we locate PV�0/ + �, AsV�0/
+ �, and BiV�0/ + � at 0.12, 0.11, and 0.10 eV above Ev.
Analogously, from the supercell calculations we have I�0/
+ �=5.35, 5.35, 5.37, and 5.38 eV for PV, AsV, SbV, and

BiV. Ionization potentials are now positive, which is a con-
sequence of the ill-defined vacuum level in periodic calcula-
tions. From the ionization potentials, PV�0/ + � lies 0.02 eV
below SbV�0/ + �, i.e., at Ev+0.07 eV. Similarly, for AsV and
BiV we obtain donor levels at Ev+0.07 and Ev+0.10 eV,
respectively. Both supercell and cluster results suggest that
all E centers should produce a donor level at �0.1 eV above
the valence band top. Hence, the E center related levels from
Hall effect measurements,41 are most likely to be of donor
type and not of acceptor type as it was proposed.

Acceptor levels have also been investigated. The cluster
results give A�−/0�=−3.31, −3.33, −3.33, and −3.35 eV for
PV, AsV, SbV, and BiV, respectively. It means that the ac-
ceptor levels of all E centers are close by, and the heavier the
donor impurity the deeper the �−/0� level �with respect to
Ec�. These electron affinities tell us that PV�−/0� lies
0.02 eV above SbV�−/0�, that AsV�−/0� has the same loca-
tion in the gap as SbV�−/0�, and BiV�−/0� is estimated at
0.02 eV below SbV�−/0�. Now, assuming SbV as the marker
with an acceptor state at Ev+0.31 eV, PV�−/0�, AsV�−/0�,
and BiV�−/0� levels are placed at Ev+0.33 eV, Ev
+0.31 eV, and Ev+0.29 eV. Identical results were obtained
with the supercell method. Electron affinities A�−/0�=5.37,
5.38, 5.39, and 5.41 eV were obtained for PV, AsV, SbV, and
BiV, placing �−/0� levels at Ev+0.33 eV, Ev+0.32 eV, Ev
+0.31 eV, and Ev+0.29 eV, respectively. These are only a
few tenths of an electron-volt away from the measurements,
and mirror the identical character of the acceptor states in-
volved in all centers.

Identical analysis has been done for second acceptor lev-
els. Here, we deal with second electron affinities, A�=/−�,
and from the cluster calculations we obtain A�=/−�=−1.98,
−1.99, −2.03, and −2.04 eV for PV, AsV, SbV, and BiV,
respectively. Therefore, taking the SbV�=/−� marker level
at Ec−0.29 eV, we place the PV�=/−�, AsV�=/−�, and
BiV�=/−� levels at 0.24, 0.25, and 0.30 eV below Ec, respec-
tively. Alternatively, the supercell calculations give A�=/−�
=5.42, 5.42, 5.43, and 5.44 eV, placing the �=/−� levels of
PV, AsV, and BiV at 0.30, 0.30, and 0.28 eV below Ec.

VI. CONCLUSIONS

We report on density-functional studies of vacancy-donor
pairs in germanium. Their electronic and structural properties
are described in detail, and are compared to previous theo-
retical and experimental results. By starting from what has
been learned with the E center in Si, it is realized that many
properties of these complexes in Ge are distinct and peculiar.

Although the one-electron structures of trigonal E centers
in Si and Ge are similar, i.e., neutral defects produce a singly
occupied doublet state deep in the gap, they become essen-
tially different upon atomic and spin relaxation. Perhaps due
to its higher metallic character, JT distortions and energies
are much smaller in Ge. Whereas in Si the E centers show JT
relaxation energies of a few tenths of an electron-volt, in Ge
they are in general smaller than 50 meV. In the neutral and
double-negative charge states, the lighter PV and AsV com-
plexes distort according to the pairing model only, whereas

TABLE IV. Calculated levels of E centers in Ge. Enthalpies and
free energies of ionization ��H and �G�, as well as activation en-
ergies for carrier emission ��E� from Hall-effect �HE� and DLTS
measurements are shown for comparison. The levels in the table are
reported with respect to the valence band top �h-subscripted for hole
emission�, and to the conduction band minimum �e-subscripted for
electron emission�. All values are in eV.

PV AsV SbV BiV

CL �Hh�0/ + � 0.12 0.11 0.09 0.10

SC �Hh�0/ + � 0.07 0.07 0.09 0.10

HEa �Gh�0/ + � 0.10 0.10 0.12 0.16

DLTSb �Hh�0/ + � 0.09

CL �Hh�−/0� 0.33 0.31 0.31 0.29

SC �Hh�−/0� 0.33 0.32 0.31 0.29

DLTSb �Hh�−/0� 0.31

DLTSc,d �Eh�−/0� 0.34 0.33 0.30 0.30

CL �He�=/−� 0.24 0.25 0.29 0.30

SC �He�=/−� 0.30 0.30 0.29 0.28

DLTSc �He�=/−� 0.22 0.24 0.29 0.26

DLTSd �Ee�=/−� 0.37

DLTSe �Ee�=/−� 0.31 0.41

aEmtsev et al. �Ref. 41�.
bLindberg et al. �Ref. 42�.
cMarkevich et al. �Ref. 40�.
dFage-Pedersen et al. �Ref. 3�.
eColder et al. �Ref. 37�.
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SbV and BiV show both pairing and resonant-bonding JT
distortions. Also, unlike in Si, all negatively charged DV de-
fects in Ge are paramagnetic �S=1� with C3v symmetry. Our
results do not support recent claims that the larger SbV and
BiV complexes in Ge adopt the split-vacancy form. We point
out that, as a result of the underestimated Ge gap in periodic
calculations combined with the local density approximation
to the exchange-correlation potential, the energy of split-
vacancy structures may be favored due to a strong coupling
between the doublet gap state and the host density of states.
We show that improved energies may be obtained by care-
fully choosing the special k points to sample the BZ.

The E centers in Ge may occur in four charge states,
namely +, 0, −, and =, and the levels shift slightly with the
size of the donor impurity. The donor levels are estimated at
�Ev+0.1 eV. This result is based on the recent assignment

of a �0/ + � level at Ev+0.095 eV to SbV,42 and provides us
with an interpretation to four levels at 0.10–0.16 above Ev,
reported from early Hall-effect measurements in P, As, Sb,
and Bi-doped Ge crystals.41 First and second acceptor levels
are calculated at �Ev+0.3 eV and �Ec−0.3 eV, slightly
shifting towards lower energies when increasing the mass of
the donor atom. These features account well for previously
reported measurements.
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