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The interaction between hydrogen and a dislocation in silicon has been investigated using first-principles
calculation. We consider 30° and 90° partial dislocations with both single and double periodic structures and
nondissociated screw dislocation starting from the case of one single H to a fully H-filled dislocation line. In
the case of a single H atom, H is preferentially located in a bond-centered-like site after a possible breaking of
a Si–Si bond. In case of two H atoms, the molecular H2 can be stable but is never the lowest energy
configuration. If initially located in a bond-centered site, H2 usually spontaneously dissociates into two H
atoms and breaks the Si–Si bond followed by the passivation of resulting dangling bonds by H atoms. When
additional H atoms are inserted into partial dislocation cores, they first induce the breaking of the largely
strained Si–Si bonds in the dislocation core, then passivate the created dangling bonds. Next the insertion of
stable H2 near the dislocation core becomes favorable. A maximum H density is determined as 6 H atoms per
length of Burgers vector and the largest energy gain in energy is obtained for a 90° single periodic partial
dislocation. Our calculations also suggest that the presence of few hydrogens could have a non-negligible
influence on the dislocation structures, inducing core reconstructions. The mobility of H along the dislocation
line is briefly addressed in the case of the 90° single periodic partial dislocation core.
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I. INTRODUCTION

The research on hydrogen in silicon has attracted a lot of
interest for a long time. As a common impurity in semicon-
ductors, hydrogen is known to exist in large variety of forms
such as an isolated interstitial, or interacting with other im-
purities or native defects and so on �see for example Ref. 1�.
The potential ability of hydrogen to activate inert impurities
or defects and to passivate acceptors or donors is especially
interesting for technological applications. Besides, massive
hydrogen implantation in silicon could lead to the formation
of finite planar defects in the form of platelets. They can be
used in the ion-cutting process for building silicon-on-
insulator systems and other heterostructures, which require
atomically sharp interfaces between layers.2

A lot of experimental and theoretical studies were per-
formed for investigating the behavior of hydrogen in silicon.
There are general agreements among the following results.
Hydrogen is highly mobile and fast diffuser in Si with low-
activation energy.3–8 As for monatomic H, the lowest energy
configuration is obtained when it is located in a bond-
centered �BC� position.6,9 However, the H2 molecule located
in a tetrahedral interstitial site is the more favorable form of
hydrogen in Si,10,11 while another metastable configuration,
called H2

�, is also reported by Chang and Chadi.5 The exis-
tence of interstitial H2 molecules has been confirmed by Ra-
man and infrared absorption experiments.12,13 In the vicinity
of strained Si–Si bonds, the H2 molecule is expected to dis-
sociate into two single H atom with a substantial gain in
energy.14 This suggests that a strong interaction occurs be-
tween hydrogen and defects such as vacancies and self-
interstitials in Si. Largely strained Si–Si bonds are also com-
mon in highly distorted and reconstructed configurations
such as dislocation cores,15–21 which should lead to a similar
interaction as observed for point defects.

Dislocations are known to interact with many kind of de-
fects such as vacancies, interstitials and impurities. Under-
standing the interactions between dislocations and impurities
is especially important for semiconductor technologies be-
cause the transport properties of dopant impurities are af-
fected by the strain field associated with dislocation. So far
the effects of dopants, such as oxygen,22–24 nitrogen,25,26

arsenic,26–28 on the structural, electronic and dynamic prop-
erties of dislocation cores in Si were investigated. Regarding
the interaction between hydrogen and dislocation in Si, avail-
able studies were essentially focused on the influence of hy-
drogen on the mobility of dislocations. Hence, a large reduc-
tion of the activation energy for partial dislocations glide, the
so-called hydrogen enhanced dislocation glide effect, were
investigated both experimentally29 and theoretically.30–32 In
the latter works, it was shown that a large gain in energy is
obtained when one or two hydrogens are located in the single
period reconstructed core of a 90° partial dislocation, com-
pared to bulk configurations. This result suggests an excep-
tional stability of hydrogen in dislocation cores. We have
recently obtained a similar result in the case of hydrogen
interacting with a nondissociated screw dislocation.33 But
since only two core configurations were examined, it would
be premature to conclude about a general effect. Additional
investigations focusing on all possible dislocation core struc-
tures are therefore required.

Besides the need to check this improved stability, other
intriguing aspects concern the mobility of hydrogen along a
dislocation line, as well as a possible tendency for hydrogen
to aggregate in the dislocation core. As far as we know, little
is known about such issues. Finally, previous studies were
focused on the determination of the relative stability of
single and double period reconstructed core for the 90° par-
tial dislocation.16,34–37 one may wonder whether the presence
of hydrogen in the dislocation core could have an effect on
the core structure, favoring one reconstruction over the other.
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In this paper is reported the results of first-principles calcu-
lations that we have performed for answering the preceding
questions. 30° and 90° partial dislocation with both single
and double period structures, and nondissociated screw dis-
location were considered for determining the interaction of
hydrogen with dislocation cores, starting from the case of
one single monatomic H, to a fully H-filled dislocation line.
In particular we show that the improved stability of hydrogen
into dislocation cores is a general statement in silicon. The
energy gain is large enough for a spontaneous dissociation of
a H2 molecule to occur in certain cases. We also determined
the optimal filling of hydrogen atoms into the dislocation
cores.

II. CALCULATION

A. Methods

Our calculations are based on density functional theory
with generalized gradient approximations, which is imple-
mented in the SIESTA code.38–40 Spin polarization was taken
into account in the case of monatomic H. We have used the
Perdew, Burke, and Ernzerhof �PBE�41 functional to compute
exchange and correlation energy contributions. This func-
tional does not allow a good description of van der Waals
interactions which could occur for some configurations in-
cluding several H2 molecules. However, these interactions
are expected to be rather low with respect to the formation
energies reported below, and can be safely neglected here.
Norm conserving pseudopotentials were used to describe
ionic interactions. Wave functions are described with a gen-
eralized version of linear combinations of atomic orbitals,
which include multiple-zeta orbitals and polarization states.
For the H atoms saturating the dangling bonds of surface Si
atoms, we have used single-zeta basis sets. For silicon atoms
and hydrogen atom�s� located in the dislocation core, more
accurate double-zeta plus polarized basis sets were em-
ployed. The charge density is projected onto a real-space grid
with an equivalent cutoff of 40 Ry.40 The Brillouin zone is
sampled at the � point only because of the large size of our
computational systems. Within these conditions, the opti-
mized lattice constant a0 is equal to 5.484 Å.

All calculations were done using a cylinder-shape cluster
with periodic boundary conditions in all directions. Along
the cylinder axis, the supercell and the cluster have the same

length of 4�b�, with b= �a0 /2��1̄01�, thus yielding an infinite
system in this direction. The length of supercell edges along
the two other directions is 5a0, ensuring a minimum vacuum
separation of 8 Å between periodic images of the cluster.
The dangling bonds of silicon atoms at the cluster surface are
passivated with hydrogen atoms. Dislocations are introduced
in the center of the cluster using anisotropic elasticity theory,
the dislocation line being orientated along the cylinder axis.
Such a procedure yields an infinite straight dislocation along
this orientation. The length of the system along the disloca-
tion line appears sufficient to ensure that an inserted H atom
is not interacting with its periodic images.

All the dislocation core structures that we investigated in
this paper are shown in the Fig. 1. Our computational system

includes a few hundreds of atoms. The number of atoms
varies depending on the system: from 264 atoms �C2 screw
dislocation� to 304 �30° partial dislocation� atoms. The clus-
ter except for Si atoms at the surface and H atoms for dan-
gling bonds saturation is relaxed by minimizing the forces on
all atoms using conjugate gradient method. Optimization of
the ionic positions is allowed to proceed until the maximum
atomic force is less than 0.005 eV /Å. Note that surface sili-
con and passivating hydrogen atoms are fixed during relax-
ations, in order to maintain the anisotropic elastic displace-
ments field. Finally a variable number of hydrogen atoms is
introduced into the dislocation cores at chosen locations. Al-
though it is obviously difficult to assert that we always found
the most stable state for a given hydrogen concentration, a
total number of 310 configurations were investigated in this
work, in order to make the search as exhaustive as possible.
The effect of the charge on the stability was not considered
in this work.

B. Formation energy

Since the geometry near the dislocation core can be very
different from the ideal lattice, a systematic search for all
stable configurations of hydrogens is required to obtain the
most stable configurations. Such an investigation was started
with a single H atom up to 32 H atoms in all the dislocation
cores. The first case corresponds to an isolated H atom in the
dislocation core, whereas the last one results in a dislocation
core filled with as much as 8 H atoms per b. As in the case of
our previous work,33 for each relaxed configuration, the de-
fect formation energy EF

nH/� defined as follows is computed:

EF
nH/� = E�

nH/� − E�
� − nEH. �1�

Here E�
nH/� is the total energy of the relaxed system includ-

ing both the dislocation and n hydrogen atoms, and E�
� is the

total energy of the dislocation alone in the same computa-
tional system. The last term of the right hand side of Eq. �1�
is the reference energy for a single H atom and is defined as

screw C 2
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FIG. 1. Ball and stick representation of the systems used in our
calculations. From the left to right, 30° partial, 90° single periodic
partial, 90° double periodic partial and screw dislocation in glide

set. In the top row, the systems are projected onto �1̄01� plane, i.e.,

along �1̄01� dislocation line. In the bottom row, the regions sur-

rounded by dashed lines in the top row are projected onto �1̄11̄�
plane, i.e., along �1̄11̄� axis. Silicon atoms and hydrogen atoms are
represented by big black spheres and small white spheres,
respectively.
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EH =
1

2
�E�

H2 − E�� , �2�

where E�
H2 denotes the total energy for H2 located in a tetra-

hedral site in the center of a bulklike system and E° denotes
the total energy of the same system but without hydrogen.
Using this formalism and reference, we found that the for-
mation energy of one H atom relaxed in a BC site in bulk
silicon is 1.07 eV.

III. RESULTS

A. Bare dislocation cores

Figure 1 shows the four different dislocation cores con-
sidered in this study. In the top row, the systems are pro-

jected onto �1̄01� plane, i.e., along �1̄01� dislocation line. In
the bottom row, the regions surrounded by dashed lines in

the top row are projected onto �1̄11̄� plane, i.e., along �1̄11̄�
axis. In the case of the 30° partial dislocation, the computa-
tional system contains 304 �204 Si and 100 H� atoms. The
lowest energy configuration is obtained for a double period
reconstructed core, in agreement with previous
calculations.42 At the dislocation center, a pair of pentagons
and an octagon are alternatively present along the dislocation
line. In the case of the 90° partial dislocation, it is well
known that two possible cores, single periodic �sp� or double
periodic �dp�, can be obtained after relaxation, with very
close core energies.43 Using systems including 288 �200 Si
and 88 H� atoms, we obtained both core configurations �Fig.
1�. For the 90° sp system, distorted hexagons are present
along the dislocation line. For the 90° dp system, the core
exhibit a double period reconstruction, leading to alternating
pairs of a pentagon and a heptagon along the dislocation line.
The total energy differences between both core configura-
tions is 0.484 eV, i.e., 0.121 eV / �b� or 30 meV /Å, in favor
of the dp configuration, in very good agreement with avail-
able data.35 Finally, we also investigated the nondissociated
screw dislocation, for which several stable core structures are
possible.17,19,21 In a previous work, we considered one of
them, characterized by the dislocation centered at the inter-
section of two �111� planes of the shuffle set.33 Another
stable configuration, with the lowest energy, is obtained
when the center of the dislocation is located at the intersec-
tion of two �111� planes of the glide set, with a double period
reconstruction along the dislocation line.19 Here we have in-
vestigated the latter, labeled C2, using a system containing
264 �184 Si and 80 H� atoms �Fig. 1�. Again, the relaxed
structure is similar to available data.19,21

B. Monatomic hydrogen in the dislocation core

We aimed at determining the lowest energy configurations
for a single H atom into a silicon dislocation core. Since the
structure of dislocation cores can be quite complicated with a
low symmetry, there are a large number of possible locations
to be investigated in each case. To find low-energy configu-
rations, we have sampled many configurations with different
initial H locations. Those were selected either randomly or
by analogy with H in bulk silicon, for which monatomic

hydrogen can be located in high-symmetry positions such as
the tetrahedral and BC sites.6,9

In Fig. 2, we show four representative low-energy con-
figurations for monatomic H within the 30° partial disloca-
tion in Si. The most stable configuration, with a formation
energy of 0.27 eV, is shown in upper left part of the figure. In
this configuration the H atom is located in the close vicinity
of the dislocation line, inside an octagon. It forms a bond
with a Si atom, with a bond length of 1.55 Å. Due to the
large space in the octagon, the accommodation of the H atom
appears easier than in other locations close to the dislocation
line. Nevertheless, H insertion leads to the breaking of one
neighbor Si–Si bond defining a pair of pentagons. Another
configuration with the formation energy of 0.43 eV is ob-
tained when a H atom is inserted in the middle of this Si–Si
bond �see Fig. 2�b��. The relaxed structure is very close to
the BC configuration in bulk, since the H atom forms bonds
with both Si atoms, the Si–H bonds lengths being 1.70 Å
and 1.76 Å �1.65 Å in bulk silicon�. The separation between
the two Si atoms was initially 2.47 Å, and reached 3.46 Å
after H insertion. At this point, it is important to emphasize
that bond analysis is made solely on the basis of a distance
criterion. The examination of all our relaxed configurations
suggests that H is bonded to Si when the Si–H distance is
lower than about 1.8 Å. This distance criterion is used for
drawing bonds in the figures. Two other stable configurations
have been obtained when H is interacting with Si atoms next
to the dislocation line �Figs. 2�c� and 2�d��. For both, a Si–Si
bond is broken after H insertion. Depending on the position
of H, the resulting formation energies are 0.51 and 0.63 eV.
The relaxed Si–H distance is 1.58–1.59 Å, close to the
value corresponding to the H-passivation of a Si dangling
bond.

For the 90° single periodic partial dislocation, we were
able to find several low-energy configurations, almost degen-
erate in energy, when H is located in the center of the dislo-
cation core. These configurations are described in Fig. 3.

(a) 0.27 eV

(c) 0.51 eV

(b) 0.43 eV

(d) 0.63 eV

FIG. 2. Low-energy configurations and corresponding formation
energies for one H atom in a 30° partial dislocation in Si, projected

onto the �1̄11̄� plane. Same graphic convention as in Fig. 1.
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Three of these configurations �with formation energies of
0.25, 0.29, and 0.34 eV� are obtained when the H atom is
located in an asymmetric BC-like position, between opposite
atoms in central hexagons �Fig. 3�b��, or between atoms
forming the edges of the hexagon �Figs. 3�c� and 3�d��. Si–H
distances range from 1.64 to 1.77 Å, and the initial Si–Si
separations are increased up to 3.34 Å. When a H atom is
accommodated at an initially longer Si–Si bond, the forma-
tion energy becomes lower. The configuration shown in Fig.
3�c� has already been proposed by Scarle and Ewels.32 In
their work, they determined a formation energy of 1.07 eV
relative to H in a bulk BC site. With the same reference, we
computed a lower formation energy of 0.78 eV. Nonetheless,
our investigations indicate that this configuration is not the
most stable one. In fact, the lowest energy structure, albeit
very close in energy to the previous ones, is obtained when
the H atom is located approximately in the middle of an
hexagon, and forms a single bond with a Si core atom, the
bond length being 1.53 Å �Fig. 3�a��.

In Fig. 4, we show four representative configurations for
monatomic H within the 90° double periodic partial disloca-
tion in Si. The most stable configuration, whose energy is
0.38 eV, is obtained when the inserted H atom breaks the
Si–Si bond shared by a heptagon and a pentagon, which are
aligned parallel to the dislocation line �see Fig. 4�a��. The H
atom forms a bond with a Si atom, whose length is 1.56 Å.
The Si–Si bond length accommodating the H atom is in-
creased from 2.45 to 3.79 Å. Another configuration is ob-
tained when a H atom is put in a BC-like position at the
Si–Si bond between a heptagon and a hexagon �see Fig.
4�b��. The H atom moves slightly inward from the exact BC
position. Si–H separations after relaxation are 1.67 Å and
1.72 Å. In a third configuration, a H atom is located inside
one of the heptagon, which is distorted due to the presence of
the H atom. The latter has a bond with one of the Si of the

heptagon �Fig. 4�c�� with a length of 1.53 Å. Finally, a
fourth configuration corresponds to H located at another
asymmetric BC-like structure in the vicinity of the disloca-
tion line �Fig. 4�d��. The H atom forms bonds with neighbor
Si atoms, with lengths of 1.65 and 1.77 Å.

Finally, in Fig. 5, we report four low-energy configura-
tions for monatomic H within the screw C2 configuration in
Si. When a H atoms is located in a BC site in the center of a
Si–Si bond shared by a pentagon and a hexagon near the
dislocation line, the most stable �0.14 eV� configuration is
obtained �Fig. 5�a��. In this case, the relaxed structure is
quasi symmetric, with final Si–H distances of 1.74 and
1.75 Å. The Fig. 5�b� shows the second best configuration
with an energy of 0.57 eV. Here a H atom is inside a hepta-
gon and has a bond with a Si atom, whose bond length is
1.57 Å. We obtained a third configuration with an energy of

(c) 0.29 eV (d) 0.34 eV

(a) 0.18 eV (b) 0.25 eV

FIG. 3. Low-energy configurations and corresponding formation
energies for one H atom in a 90° single periodic partial dislocation

in Si, projected onto �1̄11̄� plane. Same graphic convention as in
Fig. 1.

(a) 0.38 eV (b) 0.52 eV

(c) 0.61 eV (d) 0.71 eV

FIG. 4. Low-energy configurations and corresponding formation
energies for one H atom in a 90° double periodic partial dislocation

in Si projected onto �1̄11̄� plane. Same graphic convention as in
Fig. 1.

(a) 0.14 eV (b) 0.57 eV

(c) 0.71 eV (d) 0.72 eV

FIG. 5. Low-energy configurations and corresponding formation
energies for one H atom in a C2 screw dislocation in Si, projected

onto �1̄11̄� plane. Same graphic convention as in Fig. 1.
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0.71 eV, where a H atom is located in a symmetric BC-like
position at a Si–Si bond between a heptagon and a hexagon
�see Fig. 5�c��. The distance of the Si–Si bond increases from
2.42 Å to 3.30 Å, H being equidistant to both Si atoms with
a separation of 1.67 Å. Finally, another configuration with a
close formation energy is obtained when a H atom is located
at the center of a Si–Si bond between a pentagon and a
hexagon �Fig. 5�d��. The H atom is singly bonded with one
of the Si atoms, with a length of 1.58 Å. The Si–Si separa-
tion is increased from 2.40 to 3.38 Å.

C. Two hydrogen atoms in the dislocation core

Next we have investigated the stability of two H atoms in
the dislocation core, either as molecular hydrogen or as two
distant H atoms. Compared to the previous situation involv-
ing only a single H atom, it becomes increasingly difficult to
explore all possible configurations. Our strategy for deter-
mining low-energy configurations was �1� start with a H2
molecule located in various positions, either with high sym-
metry or in regions with enough available space to accom-
modate the molecule �2� combine the previously determined
low energy configurations for a single H atom. Nevertheless,
despite a large number of investigated configurations, it is
not possible to claim that our search was exhaustive.

In Fig. 6, four representative low-energy configurations of
two H atoms in a 30° partial dislocation are shown. The most
stable one is obtained when the two H atoms are put in
separate octagons, with a formation energy of −1.13 eV.
Each H atom has a bond with a Si atom on the dislocation
line with a bond length of 1.54 Å. This configuration can be
viewed as the H-passivation of the structure depicted in the
Fig. 2�a�. We found that molecular H2 is stable inside an
octagon, with a formation energy of −0.85 eV �Fig. 6�b��.
The bond length between the two H is 0.80 Å, i.e., the same
value as in the bulk. However, when a H2 molecule is put on
one of the Si–Si bonds between a octagon and a pentagon, it

spontaneously dissociates into two H atoms separated by
2.24 Å �Fig. 6�c��. The two H atoms passivate the dangling
bonds resulting from the breaking of the initial Si–Si bond.
The same mechanism, i.e., spontaneous dissociation and
Si–Si bond breaking, also happens when a H2 molecule is
put on a Si–Si bond between two adjacent pentagons �Fig.
6�d��. In this case the relaxed distance between the two H
atoms is 2.05 Å.

A similar procedure was employed in the case of the 90°
sp partial dislocation. In Fig. 7, we show the four best low-
energy configurations when two H atoms are present in the
dislocation core. As in the case of the 30° partial dislocation,
when a hydrogen molecule is put at the center of a Si–Si
bond, it spontaneously dissociates into two separated H at-
oms �Figs. 7�a� and 7�b��. In the case of configuration �a�,
which is the most stable configuration with a formation en-
ergy of −1.01 eV, the final distance between two H atoms is
2.26 Å and each H atom forms a bond to a Si atom with
lengths of 1.52 Å and 1.53 Å, respectively. This configura-
tion can also be viewed as the combination of structures
shown in Figs. 3�a� and 3�b�. Scarle and Ewels also proposed
this configuration, called H2BC in their paper,32 with a forma-
tion energy of 2.70 eV relative to two H atoms in bulk BC
sites. Using the same reference, our computed formation en-
ergy is 3.15 eV, in good agreement. In the second case,
shown in Fig. 7�b�, the formation energy is higher
�−0.60 eV�. The final separation between two H atoms is
2.13 Å and each H atom has a bond with a Si atom with
lengths of 1.53 Å and 1.54 Å. Figure 7�c� represents the
lowest energy configuration where the molecular form of hy-
drogen is retained. The H2 molecule is not located in the
plane of the figure, but rather in the center of the large hep-

tagon clearly visible in the �1̄01� projection of the 90° sp
core �upper row of Fig. 1�. The bond length is 0.80 Å, i.e.,
the same value as in the bulk. Finally, in Fig. 7�d�, we show
a low-energy configuration for which the two H atoms are

(a) −1.13 eV (b) −0.85 eV

(d) −0.19 eV(c) −0.25 eV

FIG. 6. Low-energy configurations and corresponding formation
energies for two H atoms in a 30° partial dislocation in Si. Same
graphic convention as in Fig. 1.

(a) −1.01 eV (b) −0.60 eV

(c) −0.29 eV (d) −0.21 eV

FIG. 7. Low-energy configurations and corresponding formation
energies for two H atoms in a 90° single periodic partial dislocation
in Si. Same graphic convention as in Fig. 1.
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clearly not in interaction. Both H atoms form bonds with the
neighbor Si atoms, with lengths of 1.52 Å. This geometry is
obtained by the combination of two times the configuration
described in Fig. 3�a�.

For the dp reconstruction of the 90° partial dislocation,
we found that the lowest energy �−0.78 eV� is obtained by
combining the configuration shown in Figs. 4�a� and 4�c�,
i.e., one H atom is located at the BC site between a heptagon
and a pentagon and the other H atom is located inside a
heptagon �Fig. 8�a��. In this geometry, a Si atom is located in
between the two H atoms, seemingly like the H2

� configura-
tion in bulk silicon. When a H2 molecule is initially located
in the center of one Si–Si bond, the H2 molecule spontane-
ously dissociates, the Si–Si bond being broken and the two H
atoms passivating the created dangling bonds. The relaxed
configurations are shown in Figs. 8�b� and 8�d�, whose ener-
gies are −0.57 and −0.39 eV, respectively. However, an H2
molecule initially positioned at the center of one heptagon is
determined to not dissociate �Fig. 8�c��. The formation en-
ergy is computed to be −0.55 eV.

Finally, we also explored configurations including 2 H
atoms in the core of the C2 screw dislocation. The most
stable ones are reported in Fig. 9. When one H atom is lo-
cated on a Si–Si bond parallel to the dislocation line between
a pentagon and a heptagon and the other H is inside a neigh-
bor heptagon, the most stable configuration is obtained with
an energy of −0.92 eV. Each H atom forms a bond with a Si
atom with lengths of 1.54 and 1.55 Å, respectively. As in the
case of Fig. 8�a�, in this geometry a Si atom is located in
between two H atoms and this can be considered as a kind of
H2

� configuration. This is also true for the configuration
shown in Fig. 9�c�, where after relaxation, a Si atom is be-
tween the two H atoms. When a H2 molecule is positioned
on a Si–Si bond parallel to the dislocation line between a
pentagon and a heptagon, it spontaneously dissociates, lead-
ing to the formation of two Si–H bonds with lengths 1.53 Å
�Fig. 9�b��. The separation between the H atoms is 2.04 Å.
Finally, the lowest energy configuration for which the mo-

lecular hydrogen is stable is obtained when the molecule is
initially located in the center of a heptagon, the formation
energy being −0.39 eV �Fig. 9�d��.

D. Optimal H filling of the dislocation core

Finally we have investigated the modification of core dis-
location structures containing an increasing number of hy-
drogen atoms. The remarks made previously about the diffi-
culty of fully exploring the configuration space obviously
hold in this case. Due to the large number of possible struc-
tures, we focus on three dislocations cores, the 30°, 90° sp,
and 90° dp partial dislocations. We also only considered con-
figurations for which the hydrogen atoms are located in the
center of the dislocation core.

Figure 10 represents the lowest energy configurations cor-
responding to different H fillings in the 30° partial disloca-
tion core. For 4 H atoms in our computational system, the
most stable configuration is obtained when each H atom is
bonded to a Si atom, the bond length being 1.54�1.55 Å
�Fig. 10�a��. The relaxed dislocation core now exhibits a
single period structure formed by octagons including a H
atom inside. This geometry is easily obtained by repeating
the most stable configuration for a single H atom in the 30°
core �see Fig. 2�a��. Adding a single H2 molecule near the
core of the previous structure yields the lowest energy con-
figuration in the case of six H atoms �see Fig. 10�b��. The H2
molecule is not exactly located in the same plane as the other

H atoms, and fills one of the hexagons visible in the �1̄01�
projection of the 30° core �upper row of Fig. 1�. This con-
figuration has a −2.49 eV formation energy.

The most stable 12 H configuration is very easily obtained
by adding three more interstitial H2 molecules, periodically
repeated along the dislocation line, to the configuration �b�.
The final geometry is shown in Fig. 10�c� for two different
projections. One can see that H2 molecules are located at the
largest open space near the dislocation core, and stacked
along the dislocation line. Adding four more H2 molecules in

(a) −0.78 eV (b) −0.57 eV

(c) −0.55 eV (d) −0.39 eV

FIG. 8. Low-energy configurations and corresponding formation
energies for two H atoms in a 90° double periodic partial disloca-
tion in Si. Same graphic convention as in Fig. 1.

(b) −0.88 eV(a) −0.92 eV

(c) −0.57 eV (d) −0.39 eV

FIG. 9. Low-energy configurations and corresponding formation
energies for two H atoms in a C2 screw dislocation in Si. Same
graphic convention as in Fig. 1.
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another hexagon close to the dislocation line, allows to fur-
ther decrease the energy to −4.01 eV �Fig. 10�d��. This last
case corresponds to the optimal filling of the dislocation
core. In fact, adding more H or H2 molecule leads to an
increase of the energy.

In Fig. 11, representative configurations of the 90° sp par-
tial dislocation containing 4, 8, 16, and 24 H atoms are
shown. The configuration depicted in Fig. 11�a� is the most
stable one in the 4 H case, with a formation energy of
−2.06 eV. The dislocation geometry is characterized by
pairs of H atoms, passivating Si core atoms, separated by one
remaining Si–Si bond. These hydrogen pairs result from
spontaneous dissociation of H2 molecules at BC sites. The
distance between H atoms in each pair is 2.26 Å. Note that
this structure can be viewed as the generalization of the con-
figuration shown in the Fig. 7�a� along the dislocation line,
with approximately twice the formation energy. Adding more
H atoms leads to the breaking and subsequent passivation of
the remaining Si–Si bonds in the core, yielding a well or-
dered relaxed structure, periodically repeated along the dis-
location line �Fig. 11�b��. The formation energy is −4.43 eV.
Each hydrogen has a bond with its nearest Si atom with a
length of 1.52 Å, perpendicular to the dislocation line. The
most stable configuration with 16 H atoms located around
dislocation core is shown in Fig. 11�c�. The formation energy
is −6.21 eV. This geometry is obtained by adding four H2
molecules in the open space near the dislocation core rela-
tively to the previous configuration. These additional H2

molecules tend to be oriented along the �1̄01� axis, with H–H
bond lengths equal to 0.79 Å. Finally, the optimal H filling
is reached for a total of 24 H in the vicinity of the dislocation

core �Fig. 11�d��, the formation energy being −6.97 eV. This
configuration is obtained by adding 4 additional H2 mol-
ecules in another available space near the dislocation core to
the previous configuration. Newly added H2 molecules are
again oriented along the �1̄01� axis, with H–H bond lengths
equal to 0.79 Å. For the 90° sp partial dislocation, we did
not find a configuration including more H atoms and further
decreasing the formation energy at the same time.

Finally, we have determined the optimal H filling in the
case of the 90° dp partial dislocation. Figure 12�a� represents
the most stable configuration when 4 H atoms are present
near the dislocation line. This geometry is a generalization
by periodic repetition of the most stable configuration for 2
H in the core �see Fig. 8�a��. The formation energy of
−1.67 eV is about twice the one of the 2 H structure. The
lowest energy configuration with 8 H is shown in Fig. 12�b�.
Here, the relaxation lead to the breaking of Si–Si bonds and
the spontaneous dissociation of H2 molecules, followed by
the passivation of those bonds by pairs of H atoms. The
structure shown in Fig. 12�c� is the most stable configuration
when 16 H atoms are included near the dislocation line. This
is obtained by adding 4 H2 molecules to the previous 8 H
configuration, in available open spaces. These added H2 mol-
ecules are stable and tend to be slightly misoriented with
respect to the dislocation line. We determined the optimal H
filling to be reached when 24 H atoms are present in the
system �Fig. 12�d��. Starting from the previous configuration,
the final structure is obtained by adding 4 more H2 molecules
in another available open space in the vicinity of the dislo-
cation core. This structure appears to be the optimal one,
since extra H atoms do not allow to lower the formation
energy.

−

−

(a) 4H: −2.07 eV

(d) 20H: −4.01 eV

(c) 12H: −3.76 eV

(b) 6H: −2.49 eV

in {101} plane

in {101} plane

FIG. 10. Low-energy configurations and corresponding forma-
tion energies for 4, 6, 12, and 20 H atoms in a 30° partial disloca-
tion in Si. Same graphic convention as in Fig. 1.

(a) 4H: −2.06 eV (b) 8H: −4.43 eV

in {101} plane

in {101} plane

−

−

(c) 16H: −6.21 eV

(d) 24H: −6.97 eV

FIG. 11. Low-energy configurations and corresponding forma-
tion energies for 4, 8, 16, and 24 atoms in a 90° single periodic
partial dislocation in Si. Same graphic convention as in Fig. 1.
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IV. DISCUSSION

We have computed a large number of stable configura-
tions for different dislocation cores interacting with a vari-
able number of hydrogen atoms �Table I�. It would be now
useful to extract general behaviors from all this information,
whenever possible. First, we focused on the local environ-
ments of H atoms in the dislocations cores. In all cases, we
found that only two different structures are obtained after
relaxation. In the first one, the H atom interacts with two Si
atoms, initially bonded together. This structure is similar to
the BC configuration, which is the most stable for neutral H
in silicon bulk. In dislocation cores, Si–Si bonds are
stretched and distorted compared to the bulk, which allows
an easier accommodation of H between the two Si atoms. In

fact, for all configurations, we found that the formation en-
ergy is lower than the one corresponding to one H atom
relaxed in a BC site in bulk silicon �1.07 eV�. Si–Si bonds
distortion in dislocation cores also explains why the H atom
is usually slightly displaced from the ideal location. The sec-
ond possible geometry for a single H atom in the dislocation
core corresponds to the formation of single Si–H bond. This
H-passivation mechanism is not favored in bulk silicon, but
has been shown to occur in the vicinity of point defects.14

Here, we found that it can require the breaking of a Si–Si
bond �see Fig. 4�a��, thus leaving one undercoordinated Si
atom, but not always �see Fig. 5�b� for instance�. Obviously,
the already mentioned bonds distortions in dislocation cores
are largely responsible for the large energy gain associated
with this configuration. However, we found that when H is
initially positioned in a large available volume in the dislo-
cation core, it is never stable. This is in striking contrast with
the metastability observed when H is located in a low-
electronic density region such as the tetrahedral site in bulk
silicon. We found that the H-passivation mechanism and the
H adsorption in a BC-like site are often close in energy. The
former is favored in 30° and 90° partial dislocations, whether
the latter is more stable in screw with C2 and A cores.33

However, the differences in energy are not significant
enough to draw general conclusions.

In the case of H2, three different configurations have been
identified. In the most simple one, the H2 molecule is con-
served �see Fig. 6�b��, and tends to remain in the middle of
open spaces available in dislocation cores. This situation is
equivalent to H2 in bulk silicon, for which the most stable
configuration corresponds to the tetrahedral site, a location
with a low electronic density. A second stable geometry is
obtained when a Si atom is passivated by one H, and also
interact with the other H �see for instance Fig. 9�a��. Al-
though the relaxed geometries are not fully symmetric due to
bond distortion in dislocation cores, it seems to be equivalent
to the H2

� configuration, which is known to be metastable for
H2 in bulk silicon.1,11 Finally, the third possible structure
results from a H-passivation mechanism. A Si–Si bond is
broken, and the two H passivate the silicon atoms. Again,
this mechanism does not occur in bulk silicon, but is favored
here due to the large amount of stress stored in reconstructed
dislocation cores. After relaxation, the two H atoms are sepa-
rated by at least 2 Å. In most of the cases where an H2
molecule is initially located close to a Si–Si bond, this H
passivation is observed in association with a spontaneous
dissociation of the molecule. We determined that all three
final identified configurations are possible in the investigated
dislocation cores, with negative formation energies. However
the H2 molecule is never the most stable state for two H
atoms into a dislocation core in silicon, and either a H2

�-like
configuration or the H-passivation mechanism are favored.

We have also determined the optimal hydrogen numbers
that can be accommodated in the case of partial dislocation
cores. This optimal filling is defined as the hydrogen quantity
for which the formation energy is decreasing. Also, in the
following, we introduced normalized values for the number
of H atoms and the formation energy. Since our system en-

compasses 4 elementary layers of width �b�= ��a0 /2��1̄01��

(c) 16H: −4.87 eV in {101} plane
−

in {101} plane
−

(d) 24H: −5.62 eV

(a) 4H: −1.67 eV (b) 8H: −3.17 eV

FIG. 12. Low-energy configurations and corresponding forma-
tion energies for 4, 8, 16, and 24 H atoms in a 90° double periodic
partial dislocation in Si. Same graphic convention as in Fig. 1.

TABLE I. Energies of the most stable configurations for each
core structure with given number of H atoms in units of eV.

Number of H 30° 90° sp 90° dp Screw C2

1 0.27 0.18 0.38 0.14

2 −1.13 −1.01 −0.78 −0.92

4 −2.07 −2.06 −1.67

6 −2.49

8 −4.43 −3.17

12 −3.76

16 −6.21 −4.87

20 −4.01

24 −6.97 −5.62
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along the dislocation line, the normalized hydrogen number,
i.e., the H density �in H atoms / �b� or at. H / �b��, and the
formation energy �in eV / �b�� are easily obtained as one
fourth of the original quantities. For all three dislocation
cores, a similar process is found when the number of H at-
oms increases. The first H atoms form bonds with silicon
atoms, after the breaking of Si–Si bonds in the dislocation
core. These bonds are usually largely stretched and distorted,
and their rupture results in a large release of stored elastic
energy. At a given H quantity, the dislocation core is appears
to be saturated, and it becomes energetically too expensive to
break further Si–Si bonds. This situation happens for a H
density of 1 at. H / �b� for the 30° partial, 2 at. H / �b� for the
two possible cores of the 90° partial. At this point, the struc-
ture of the cores is completely modified by the presence of
the H atoms. In the case of the 30° partial, the double peri-
odicity is removed, whereas it is retained in the case of the
90° dp core. Next, extra H atoms are best accommodated in
the form of H2 molecule which tends to be located in the
available open spaces in the vicinity of the dislocation core
center. Optimal H densities as high as 5 at. H / �b� for the 30°
partial, and 6 at. H / �b� for the two possible cores of the 90°
partial, are obtained. It has been suggested that dislocations
act primarily as recombination centers for atomic
hydrogen.30 Our calculations suggest that this is indeed the
case as soon as the dislocation core is saturated with Si–H
bonds. However, before this state is reached, the dislocation
act as a dissociation center for H2 molecules.

Figure 13 shows the variation of the normalized formation
energy as a function of the H density for all dislocation
cores. The graph also includes data for the A core of the
screw dislocation, which was investigated in a previous
work.33 Focusing on low-density values, i.e., one or two H
atoms in the dislocation core, formation energies seem to be
in a narrow range of values. The only exception is the screw
A core for which the formation energy is about
0.1–0.2 eV / �b� lower. A possible explanation is based on the
structure of the dislocation core, and will be proposed in the
following. For high H density, marked differences appear
although the optimal H density is approximately the same for
all partial dislocation cores. The best energy gain is obtained
for the sp core of the 90° partial, followed by the dp core,
and the 30° partial dislocation. It is difficult to give a definite
explanation for these results. Nevertheless, a simple exami-
nation of the different H-passivated dislocation core struc-
tures suggests that in the case of the 90° sp core, the hydro-

gen atoms has helped to remove all bonds distortion, thus
minimizing the core strain energy to a large extent. Interest-
ingly, this H-passivated 90° sp dislocation core has already
been used for investigating the formation of H-induced plate-
lets in association with dislocation dipole.44,45

There have been many theoretical studies trying to deter-
mine which of the sp or dp reconstructed 90° core was the
most stable one.16,34–37 Most of the first-principles calcula-
tions indicate that the dp core is slightly more stable than the
sp core, a well reproduced feature in our calculations �the dp
core being 0.121 eV / �b� lower in energy�. The energy differ-
ence is small and at finite temperature and in a real material
containing defects, it is likely that both kind of cores could
co-exist. It is therefore interesting to investigate whether the
energy balance could be modified due to the presence of
hydrogen. The formation energy variation shown in Fig. 13
suggests that the energy lowering is larger for the sp core
than the dp core. For a H density of 1 at. H / �b�, the energy
difference between both cores drops to 0.023 eV / �b�, still in
favor of the dp reconstruction.46 However, when the H den-
sity is increased up to 2 at. H / �b�, the sp core becomes en-
ergetically favored, with an energy difference of
0.194 eV / �b�. Finally, for the highest density, the energy dif-
ference increases up to 0.216 eV / �b�. This result suggests
that in presence of hydrogen, the sp reconstructed core
should be favored over the dp core. Another case to be ex-
amined concerns the screw dislocation, for which two stable
core structures A and C2 have been proposed.17,19,21 The C2
core is more stable, the energy difference being rather large
�0.54 eV / �b� �Ref. 19��. Our previous calculations showed
that very low formation energy �−1.80 eV, i.e.,
−0.45 eV / �b�� is obtained when two H atoms are relaxed in
the screw A core.33 This value has to be compared with the
lowest formation energy of −0.92 eV �−0.23 eV / �b�� ob-
tained for two H in the screw C2 core, which would suggest
that the presence of H could eventually modify the stability
ordering for higher H density. But a careful examination of
the configuration obtained for two H in the A core �compare
Fig. 3�b� of Ref. 33 with Fig. 9�a� of the present paper�
reveals that the inserted hydrogen atoms induce a modifica-
tion of the structure of the A core, which is partially trans-
formed in a C2 structure. Therefore, our calculations point
out that a core transformation can occur because of the pres-
ence of hydrogen. This is especially interesting in the case of
the core transformation A→C2 since it has been recently
shown to be associated with a very large activation energy
barrier.47

Finally, we are discussing the mobility of hydrogen along
the dislocation core. It is usually expected that diffusion in
dislocation core is enhanced, a phenomenon which has been
experimentally evidenced.48 Investigating the mobility of hy-
drogen along the various dislocation cores in silicon, either
by molecular dynamics or by using transition state determi-
nation methods would be highly appealing, but nonetheless
beyond the scope of the present paper. However, one could
use the large number of investigated configurations in order
to get some information. The most simple case is the 90°
partial dislocation with the sp core. It is conceivable that the
diffusion of H along the dislocation would proceed along the
first three low energy configurations shown in Fig. 3. The H
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FIG. 13. �Color online� Variation of the normalized formation
energy as a function of the H density for all dislocation cores.
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diffusion path is here very straight and simple, and does not
imply significant modifications of the silicon structure. We
have performed simple calculations in which the hydrogen
atom is constrained along the path from Fig. 3�b� to Fig.
3�c�, Fig. 3�a� being an intermediate step. From these simu-
lations, we determined an activation energy for H diffusion
along the 90° dislocation line equal to 0.1 eV. This is lower
than in the bulk.1 It is likely that H will diffuse very easily
along the dislocation until it encounters defects such as an
antiphase defect30 or kinks. For the other dislocation cores, it
is much more difficult to draw conclusions. The recon-
structed nature of the dislocation cores leads to various pos-
sible H configurations, usually with a significant local modi-
fication of the dislocation core structure, such as Si–Si bond
breaking for instance. It is therefore difficult to compute
simulation paths with simple constrained methods, or to ex-
plore all the possible diffusion paths.

V. CONCLUSION

The effect of the presence of a variable number of hydro-
gen atoms in dislocation cores in silicon was investigated
using first principles calculations. We considered the 90° par-
tial dislocation, both with sp and dp reconstructed cores, the
30° partial dislocation, and the nondissociated screw dislo-
cation. We especially focused on the case of one and two H
atoms in dislocation cores, inserted as monatomic or molecu-
lar hydrogen. Then a systematic search for the optimal H
filling, corresponding to a still decreasing formation energy,
was performed. In all cases, several low-energy configura-
tions were determined.

In the case of a single H atom, it is found that H is more
stable in dislocation cores than in the bulk. H can be located
in a bond-centered-like site, or forms a Si–H bond in the
dislocation, after a possible breaking of a Si–Si bond. In case

of two H atoms, we found that the molecular form H2 can be
stable, but is never the most stable state. If initially located in
a bond-centered site, H2 usually spontaneously dissociates,
leading to the formation of a configuration similar to H2

� in
bulk, or to the separation and passivation by H of two ini-
tially bonded Si atoms. Considering an increasing number of
H atoms inserted into partial dislocation cores, the following
scenario is always observed. The first H atoms induces the
breaking of the largely strained Si–Si bonds into the core,
and passivates the created dangling bonds. As soon as the
core is fully passivated, the insertion of stable H2 becomes
favorable. We determined a maximum H density of 6 at.
H / �b�. The largest gain in energy is obtained for a 90° sp
partial dislocation.

Our calculations also suggest that the presence of few
hydrogens could have a non-negligible influence on disloca-
tion core structures. Adding hydrogen atoms in the 90° par-
tial dislocation core change the stability ordering of the two
possible reconstructions, the sp core becoming more stable
than the dp core. Also, in the case of the screw dislocation,
adding hydrogen atoms is enough to initiate the transforma-
tion from the shuffle A core into the glide C2 core. We have
also determined the mobility of H along the dislocation line
in the case of the 90° sp partial. We estimate the activation
energy barrier to be equal or lower than 0.1 eV, which sug-
gests that H diffusion would be easier in dislocation cores
than in the bulk. Note however that a generalization of this
result requires devoted investigations.
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