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Experimental data indicate that boron diffuses very differently in Ge than in Si. To examine the kinetics of
boron diffusion, density functional calculations were performed on a variety of boron diffusion mechanisms,
including interstitial and vacancy-mediated paths, as well as a correlated exchange mechanism. It was found
that although vacancy and correlated exchange mechanisms possess high diffusion barriers comparable with
experiment, the barrier for interstitial-mediated diffusion lies around 3.8 eV and is similar to those found for
boron diffusion in Si. This estimate is well below the experimental activation energy. The difference is
attributed to the failure of the theory to include the effect of electronic excitations.
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I. INTRODUCTION

Despite continued advances in silicon-based transistor
technology, there is a growing interest in technologies using
other semiconducting materials. Germanium is one of these
materials, appealing both due to its similarity to silicon, al-
lowing relatively direct translation of current manufacturing
techniques,1 and for its superior low-field electron and hole
mobilities.2 In order to develop germanium-based devices,
selective area doping must be achievable, and to this end, we
study here the migration dynamics of boron in germanium.

Under equilibrium conditions, diffusion by all mecha-
nisms is expected to lead to a diffusivity of the following
form:

D = D0 exp�−
Q

kBT
�, D0 = �a2 exp�Sd

kB
�, Q = Ef + W ,

�1�

where D is the diffusivity, Q its activation energy, � and a
are the attempt frequencies and elementary jump distances,
Ef is the formation energy of the diffusing species, W is the
barrier for its diffusion, and Sd is the entropic contribution to
the formation and migration of the species, while kB and T
have their usual meanings. In the microscopic theory where
Sd is neglected, which works reasonably well for B diffusion
in Si, Ef is the formation energy for the boron interstitial
relative to that of the isolated ionized substitutional B atom,
and W is the migration energy of the interstitial through the
lattice. �a2 is estimated to be about 10−3–10−2 cm2 /s and
experimental values give D0�0.8 cm2 /s and Ed�3.46 eV.3

Thus, the entropic factor Sd is rather modest. However, in
Ge, boron diffusion is activated with Q=4.65 eV and D0
�105 cm2 /s.4 Clearly, the very large prefactor shows that
the microscopic mechanism for boron diffusion in Si does
not operate in Ge. The difference is very likely to arise from
the excitation of electrons during the diffusion event, and this
effect increases in the narrow gap material. Investigations of

these effects5 suggest that increases in Q and D0 are linearly
related according to the Meyer-Neldel rule, and for Ge, a
1 eV increase in Q is found, accompanied by an increase in
D0 of 105. This implies that the microscopic theory should
calculate a low barrier for diffusion of boron around 3.6 eV,
and together with a value of D0�0.1 cm2 s−1 will not fully
describe the high T diffusion mechanics. We shall show that
our calculations are in agreement with this.

Following implantation, thermal equilibrium of native de-
fects does not occur, leading in some cases to transient en-
hanced diffusion �TED� of dopants. In Si, boron is found to
undergo strong TED,6,7 while in Ge, this TED is much
weaker, and it has only recently been observed.8 Indeed, the
diffusivity of boron introduced by implantation or growth
has been found to be the same in many experiments.4,9

A number of theoretical studies have been carried out for
boron diffusion in silicon, but different groups find different
diffusion paths although the overall barrier to diffusion is
similar. Both theory and experiments favor an interstitial-
mediated mechanism. One study10 finds a diffusion path pro-
ceeding from the positive boron-interstitial �BI+� complex
whose formation energy is about 3.2 eV. This changes its
charge state to neutral, then diffuses via the H site without
true kick out, and with a barrier of 0.6 eV, leading to a
total diffusion barrier of 3.8 eV. Another study11 proposes
different charge state dependent paths with Q values of
2.9 eV+�e in the neutral and 3.4 eV in the negative charge
states, where �e is the Fermi energy or electron chemical
potential, measured from the valence band top. A third
investigation12 finds a formation energy of 1.8 eV+2�e for
BI+ relative to the charged substitutional defect and a kick-
out diffusion path with a total barrier of 1.2 eV giving a net
diffusion barrier of Q=3.0 eV+2�e. Taking �e to be at mid-
gap of �0.6 eV yields a diffusion barrier of 4.2 eV.

There has also been previous modeling work carried out
on boron diffusion in Ge.13 The formation energy of BI+ is
2.77 eV+2�e, relative to B− at a substitutional site, and the
defect can migrate with a barrier of 0.9 eV via bond centers,
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although this must be followed by a subsequent reorientation
with a barrier of 0.5 eV. The diffusion barrier is then
3.7 eV+2�e, which if �e�0.35 eV gives a diffusion barrier
of 4.4 eV. The authors quote a barrier of 4.5 eV although
their reasoning is unclear. Somewhat, similar barriers are
found for other charge states. However, as we noted above,
this theory is unable to account for the exceptionally large
prefactor, and according to the Meyer-Neldel rule, this im-
plies that the calculated adiabatic barrier has to be signifi-
cantly lower than the experimental result of 4.5 eV.

We discuss here the boron diffusion via interstitial,
vacancy,14–16 and concerted exchange mechanisms17 using a
density functional method. Such calculations have, in the
past, been performed using one of the two methods to treat
the boundary conditions. The supercell method uses periodic
boundary conditions, forming an infinite superlattice as an
approximation to the bulk. The cluster method models in-
stead a nanoparticle, with the boundaries being surfaces to
vacuum. Further refinement of the cluster method usually
involves passivating the dangling bonds at the surface with
hydrogen atoms, and holding the surface semiconductor and
hydrogen atoms fixed while relaxing the bulk of the cluster.
Both methods should tend to true bulk values in the limit of
infinite size. Both cluster and supercell methods have prob-
lems associated with them, and this study used both methods
for different calculations. The cluster method cannot be used
to calculate formation energies, while supercell calculations
suffer from a severe underestimation of the band gap due to
the approximation to the exchange-correlation energy em-
ployed within the local density approximation of density
functional theory. This underestimation is especially critical
in germanium calculations, where the experimental band gap
is small. It has been seen in previous studies that this under-
estimation can cause defect energy levels to reside within the
bulk bands at k points often used to sample the Brillouin
zone.18,19 With the cluster methodology, this problem is miti-
gated by the increase in electron energies due to confinement
within the cluster. Although an artificial solution, it allows
for the study of charged defects in germanium. Due to these
limitations, supercell calculations were used in this study to
calculate formation energies of defects, while clusters were
used to investigate their energy levels and migration ener-
gies. The clusters and supercells used were the largest fea-
sible with the resources available to the authors, and similar
conclusions have been reached in a previous paper by the
present authors on the divacancy in germanium.20

Section II contains details of the modeling methods ap-
plied to the problem. Results are presented in Sec. III and are
discussed in Sec. IV. The conclusions of the study are finally
summarized in Sec. V.

II. METHOD

Calculations were performed using a local density func-
tional code AIMPRO,21 and the defect was embedded in
hydrogen-terminated clusters and periodic supercells of ger-
manium atoms. A Padé parametrization22 of the exchange-
correlation functional as proposed by Perdew and Wang23

was used, and the core electrons were accounted for by the
pseudopotentials of Hartwigsen et al.24

A real-space Gaussian contracted basis set consisting of
�s , p ,d� orbitals with �4, 4, 1� distinct exponents, respec-
tively, and optimized for bulk Ge was used to expand the
Kohn-Sham states. This basis set gives a relaxed lattice con-
stant of 5.68 Å, 98.6% of the experimental value, and a bulk
modulus of 73.6 GPa, 96.1% of experiment. The orbitals of
the hydrogen surface atoms were expanded using contracted
basis sets with four s and one p exponents and those of the
boron atoms with an uncontracted basis consisting of four d
orbitals.

The supercells used were cubic shaped and consisted of
216 atoms for the perfect crystal, with the Brillouin zone
sampled using a Monkhorst-Pack sampling scheme of eight
points �MP-23�.25

The Ge clusters used were atom centered, near spherical
in shape, and saturated with hydrogen atoms at the surface to
passivate dangling bonds. The perfect clusters then com-
prised of 329 Ge and 172 H atoms. They were generated
using the experimental lattice parameter �5.657 Å�,26 and the
surface hydrogen-germanium bonds were relaxed prior to
any calculations. The defect was then introduced and the
cluster was relaxed, holding the terminating hydrogen and
surface germanium atoms fixed.

In both clusters and supercells, the defect was introduced
and the position of the surrounding atoms was disturbed to
break the symmetry and facilitate rebonding where neces-
sary. Formation energies were calculated using

Ef�D� = E�D� − nGe�Ge − q�Ev + �e� − �B, �2�

where Ef�D� is the formation energy of defect D charged
with q electrons, E�D� is the total energy of a supercell con-
taining the defect, and nGe�Ge is the number of germanium
atoms in the supercell multiplied by their chemical potential.
Here, �e is the Fermi energy relative to the top of the valence
band Ev. �Ge is the chemical potential of Ge, calculated from
supercells containing a perfect crystal structure, while �B is
the chemical potential of boron. The activation energy for the
diffusion of boron is the difference in formation energy be-
tween boron in its equilibrium state and a saddle point and is
independent of �B.

Migration energies and paths were calculated using the
improved tangent nudged elastic band �NEB� method.27 In
this method, initial and final configurations are linearly inter-
polated to give a chain of intermediate structures or images.
For the correlated exchange �CE� runs, an intermediate struc-
ture is also introduced to avoid the migrating atoms attempt-
ing to pass through one another due to symmetry constraints.
In all cases, the initial and final structures are held fixed, and
the images are then relaxed, with consecutive images inter-
acting via virtual “elastic bands.” Relaxation is continued
until the forces on the atoms in each image, including the
elastic band forces, vanish.

Energy levels for the boron-interstitial complexes were
calculated using the marker method.28 Here, a marker defect
with experimentally well defined energy levels is used to aid
in the calculation of the energy levels of the defect being
studied. The difference in ionization energies for the two
defects is taken to be the difference in the position of their
energy levels. In this study, the donor level of substitutional
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Se at Ec−0.28 eV �Ref. 29� and the acceptor level of the
vacancy-oxygen complex at Ev+0.32 eV �Ref. 30� are used
as markers.

In addition to the calculations described below of activa-
tion energies for boron diffusion, alternative calculations
were performed for the interstitial-mediated diffusion path.
In the alternative calculations, the formation energy of the
neutral interstitial was calculated from the supercell and for
the positive and doubly positive charge states from energy
levels calculated in the cluster methodology.31 Binding ener-
gies between the boron and self-interstitial atoms as well as
the migration barriers presented below were then calculated
in clusters. This method, while minimizing reliance on su-
percell calculations, added several extra stages to the calcu-
lations. We have presented the simpler calculations below, as
we believe that the extra stages likely add more uncertainty
to the calculations than the use of the supercell code to cal-
culate formation energies of charged defects, although we
concede that this assessment is not entirely certain. Using the
alternate method gives activation energies lower by
�0.2–0.5 eV.

Similar methods have been used in the past to study
various defects in germanium including vacancy-oxygen
complexes,32 vacancy-donor complexes,19 oxygen interstitial
structures,33 single vacancies,18,34 and divacancies,35 as well
as boron-interstitial structures in silicon.36,37

III. RESULTS

A. Interstitial-mediated diffusion

Calculations were performed within the supercell and
cluster methods to establish the most stable configuration for
the BI complex in germanium. Several BI structures were
studied: substitutional boron with T-site and H-site Ge self-
interstitials, T- and H-site boron interstitials, and �110� and
�100� split interstitials �BI110 and BI100�. Supercell results for
the neutral defects gave BI100 as being more stable than BI110
but by only 0.02 eV. Subsequent cluster method calculations
gave the latter structures as the most energetically favorable
in the neutral and singly negative charge states, while the
singly positive charge state exhibited a structure with a sub-
stitutional boron atom and an adjacent tetrahedral Ge inter-
stitial �BIT�. The energy difference between competing struc-
tures was seen to be no more than 0.3 eV. The cluster results
for the defect’s structure are in agreement with previous
work13 and are also very similar to those found for BI com-
plexes in silicon.37 The formation energy of BI+ in the su-
percell relative to Bs

− was found to be 2.5 eV+2�e, while the
formation energies of BI0 and BI− defects relative to Bs

− are
3.2 eV+�e and 3.8 eV.

Energy levels were calculated in clusters as described
above. The donor level is found to lie at Ec–0.10 eV and the
acceptor level at Ev+0.29 eV. This implies that the structural
changes indicated above give rise to a negative-U system in
which the neutral charge state is not stable for any Fermi
energy position, similar to BI in Si.38 Using the experimental
band gap of 0.66 eV, consistent with the use of the empirical
marker method for energy level calculations, the �− /+� tran-
sition is found to lie at Ec−0.23 eV.

The negative-U nature of BI suggests that diffusion only
occurs in the positive or negative states as these are the
stable ones. For the BI110 structure, the boron atom is con-
sidered to diffuse along the �110� chains in the crystal and to
rotate between different chains. The diffusion along the chain
occurs by steps of one or two atoms, termed “short” and
“long” steps, respectively, where the boron atom forms a
new split-interstitial structure with the atom it moves to. This
path is depicted in Fig. 1. The BIT structure diffuses through
movement of the boron atom to an adjacent crystal site. The
interstitial atom drops into the substitutional site just vacated,
and the germanium atom at the site the boron atom is moving
to is displaced to a T site. This path is depicted in Fig. 2.
Kick-out mechanisms were also calculated, wherein the bo-
ron atom jumps into and diffuses along the �110� channels in
the crystal.

For BI110
− , the diffusion of the defect as a complex is

calculated to have barriers of 0.78 eV for the long, 1.50 eV
for the short, and 0.31 eV for the rotation steps. The diffu-
sion would therefore proceed as that for the neutral self-
interstitial, through long and rotation steps only, with a
saddle point along the �110� chain lying at bond-center sites
distorted toward an adjacent tetragonal site �BBC-T�. The
kick-out diffusion path is a little more complicated. The de-
fect first reorients with a barrier of 0.31 eV to a dumbbell
lying in a �110� direction perpendicular to the chains �B

110
* �,

lying 0.1 eV above the more stable B110 defect. Diffusion
can then proceed to an adjacent B

110
* position via a meta-

stable BH defect. The total barrier for the kick-out diffusion
was found to be 0.68 eV, similar to the barrier for diffusion
without kick out.

FIG. 1. Diagram showing the mechanisms involved in the dif-
fusion of singly negative BI110. The smaller, light gray balls repre-
sent germanium atoms and the larger, black balls the boron. In the
center is the initial configuration, showing the distorted �110� chain
containing the split interstitial. The faded chains on each side are
the central image repeated as a guide to the reader. To the left is
shown the short diffusion step, where the boron atom moves from
one germanium to the next along the chain. To the right is shown
the long diffusion step, where the boron atom skips a germanium
atom and forms a split interstitial with the next atom along.
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In the neutral charge state, the diffusion as a complex is
calculated to have barriers of 0.76 eV for the long, 0.63 eV
for the short, and 0.16 eV for the rotation steps. The diffu-
sion would therefore proceed via the short and rotation steps
with a barrier of 0.63 eV and a saddle point structure of a
bond-center boron interstitial �BBC�. This kick out diffusion
path proceeds with, first, a reorientation to a B

110
* structure

via a structure with a substitutional boron atom adjacent to a
�111� self-interstitial structure �BsI111�. From the B

110
* struc-

ture, the boron is kicked out into the interstitial channels,
where it diffuses between H-site configuration �BH� saddle
points and interstitial minima at a site between the H and the
T sites �BH-T�. No barrier is observed to kick in from the
BH-T to B

110
* , and the total barrier is calculated to be 0.43 eV.

In the positive charge state, the diffusion proceeds, as
shown in Fig. 2, with a barrier of 0.60 eV. The saddle point
for this path is a split interstitial in the �111� direction, after
which the defect relaxes into a B

110
* structure, 0.28 eV above

the stable BIT structure. The diffusion continues with the
defect passing through a BBC structure before arriving at the
final BIT position. For the kick out mechanism, the barrier to
kick out is calculated to be 0.89 eV, with the boron atom
moving to a tetrahedral interstitial position �BT� of 0.45 eV
above the BIT structure. It then faces a 0.70 eV barrier for
further diffusion through the BH site or a 0.44 eV barrier to
return to a BIT position. This gives a total barrier for kick-out
migration of 1.15 eV above the BIT structure.

All these results, both the paths and the calculated barri-
ers, lie close to equivalent calculations previously performed
for boron in silicon.11,12 When compared with the earlier
theoretical work in germanium, the barriers calculated here
are lower in all cases, but the paths taken are the same.13

Total energy barriers for the migration of boron through
an interstitial-mediated mechanism can be calculated by
summing the formation and migration barriers for the de-
fects. If we take �e to be at midgap at the temperature where
diffusion is observed, we get 4.5, 3.9, and 3.8 eV for the
singly negative, neutral, and singly positive charge states and
similar to what is found theoretically for boron diffusion in
Si. As stated above, this is an upper limit to the diffusivity
since the experiment indicates that large entropic effects are
present.

B. Vacancy-mediated diffusion

Vacancy-mediated diffusion is the method associated with
most fast-diffusing impurities and self-diffusion in germa-
nium. Boron-vacancy defects are calculated using the super-
cell methodology to have formation energies of 3.0 eV+�e
and 3.4 eV in the neutral and singly negative charge states,
respectively.

In the vacancy-mediated path, illustrated in Fig. 3, a va-
cancy is formed and diffuses to the impurity atom to form a
defect complex. This complex then diffuses through motion
of the vacancy as it travels around the six-membered rings in
the Ge crystal and then exchanges position with the impurity
atom.

NEB runs were performed within the cluster methodology
in the singly negative and neutral charge states. These give
an exchange barrier for the boron atom to cross the vacancy
of 2.6 eV in the negative charge state and 2.8 eV in the neu-
tral state. When combined with the formation energy of the
boron-vacancy complex, this gives a total diffusion barrier
for boron by the vacancy-mediated path of 6.0 eV for the
negative and 5.8 eV+�e in the neutral charge states. The
barrier for the negative charge state is shown in Fig. 4. These
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FIG. 4. Migration barrier for vacancy-mediated boron diffusion
in the singly negative charge state. The energy scale is given rela-
tive to the isolated substitutional boron atom. The process shown
involves the formation of a vacancy distant to the boron atom,
diffusion of the vacancy to the boron atom to form a complex �BV�,
then the exchange of the boron and vacancy in the complex �excg�
before the vacancy diffuses away from the boron again.

FIG. 2. Diagram showing the proposed mechanism for diffusion
of BIT. The light gray balls represent germanium atoms, while the
large black ball represents the boron atom. The arrows indicate the
direction of atomic movements, and the numbered germanium at-
oms are used to clarify the atomic movement. Interstitial germa-
nium atoms are at T sites, with three of the surrounding atoms
shown.

FIG. 3. Migration path for the boron-vacancy complex. In the
figure, the smaller, lighter gray atoms are Ge, the larger, darker one
is B, and the isolated black atom indicates the vacant site. ��a� and
�b�	 The vacancy diffuses around the six-membered ring. ��c� and
�d�	 Having arrived back at the B atom, the vacancy exchanges
places with it, resulting in a net motion of the defect of one crystal
site.
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energies imply that vacancy related mechanisms are unlikely
to compete with the interstitial-mediated diffusion mecha-
nism.

C. Correlated exchange

CE is a mechanism for impurity or self-diffusion, which
does not require interaction with other defects. Two adjacent
substitutional atoms rotate about their bond center, with little
change in interatomic distance. The migration path was
found to be very similar to that proposed by Pandey for
self-diffusion in silicon.17 The diffusion barrier for this
method was calculated for the negatively charged system, as
the B dopants are expected to be in this charge state for the
temperatures at which diffusion takes place, and it was found
to be 4.1 eV.

IV. SUMMARY AND DISCUSSION

Vacancy-mediated diffusion is observed in these calcula-
tions to possess a high energy barrier of �6 eV, significantly
higher than that for the other methods, and in contrast to
results suggesting it as the method for self-diffusion and
some fast-diffusing species in germanium.14–16 This suggests
that vacancy-mediated diffusion is not the diffusion path bo-
ron takes in germanium.

Boron-interstitial structures were found to be in agree-
ment with previous theoretical work in germanium13 and also
very similar to those found in silicon.12,37 Boron-interstitial
complexes were seen to diffuse either as a unit or through
kick-out mechanisms. In the positive charge state, the diffu-
sion as a unit exhibited a lower energy barrier of 0.6 eV,
while in the neutral and singly negative, the kick-out mecha-
nism was slightly more favorable at 0.4 and 0.7 eV, respec-
tively. Total energy barriers, including the formation energies
of the boron interstitial with respect to substitutional B− for
diffusion in the �, 0, and � charge states, were then given as
3.1+2�e, 3.6+�e, and 4.5 eV, respectively. Taking �e to be
at midgap, around 0.35 eV, gives barriers of 3.8, 3.9, and
4.5 eV, respectively.

Correlated exchange has been investigated and is ob-
served to have a diffusion barrier of 4.1 eV in the singly
negatively charged case, and thus it is less likely to be the
dominant diffusion process than the interstitial-mediated
mechanism.

Prior theoretical work on boron diffusion in silicon has
concentrated on the interstitial-mediated diffusion method
using a kick-out mechanism to create interstitial boron im-
purities which then diffuse within the �110� channels with
low diffusion barriers. A total activation energy for this pro-
cess of 3.2–3.6 eV dependent on charge state is
reported.10–12 This is very close to the energy barriers re-
ported here.

The experimental value of D0 for boron diffusion in Ge
reveals that the mechanism for boron diffusion in Ge is dis-
tinct from that of Si. In the latter, D0 is around the value that
can be expected for a microscopic mechanism via thermally
generated boron interstitials. The same process in Ge yields
similar barriers around 3.8 eV and about 0.9 eV below the
experimental values for the activation energy for boron dif-
fusion. However, this result applies to T=0 and the inclusion
of electronic thermal excitations has been previously esti-
mated to increase the observed energy barrier by �1 eV and
the preexponential factor by �105 cm2 /s5, which brings the
diffusivity into closer agreement with experimental values.

V. CONCLUSION

Boron diffusion was studied through atomistic ab intio
modeling methods. Diffusion was found to proceed most
readily via an interstitial-mediated mechanism, with a barrier
of �3.8 eV in the positive charge state. In order to explain
the discrepancy between this value and experimental results
of �4.6 eV as well as the experimentally measured prefac-
tors of �105 cm2 /s, electronic thermal excitations not con-
sidered in the T=0 atomistic model must be invoked.5 These
excitations would be expected to increase the diffusion bar-
rier to �4.8 eV, much closer to the experimental value.
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