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Energetics of bond-centered hydrogen in strained Si-Si bonds
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The energetics of hydrogen incorporation into strained Si-Si bonds are examined using first-principles
density-functional-pseudopotential calculations. It is found that an increase in the bond length of the initial
Si-Si bond leads to a lower formation energy for the Si-H-Si configuration. A simple linear relationship,
describing the change in formation energy as a function of the Si-Si bond length, is presented, which applies
to bond-stretching as well as bond-bending distortions. The results are discussed in the context of hydrogen
interaction with grain boundaries in polycrystalline silicon.

Hydrogen is extensively used for passivating deep levels
in semiconductors. Hydrogenated amorphous silicon
(a-Si:H) is probably the most widespread and well-known
application. Hydrogenation is also employed to reduce the
defect density in polycrystalline silicon (poly-Si).! However,
unlike the a-Si case where H is incorporated during growth,
dangling-bond defects in poly-Si are passivated by posthy-
drogenation at elevated temperatures.? Recent investigations’
have revealed an unexpected richness in the phenomena as-
sociated with hydrogen in poly-Si, indicating that the behav-
ior of hydrogen extends beyond the simple passivation of
dangling bonds. One key experiment was performed on un-
doped samples that have been hydrogenated until the defect
density saturated at a minimum value. It was found that an-
nealing around 160 °C followed by a quench to low tempera-
ture produces an enhancement in the conductivity. This en-
hancement is metastable and decays with time. The
temperature dependence of the decay rate indicates that the
activation energy for the decay process is E 4~ 0.74 eV. This
activation energy allows for the metastable state to have a
lifetime on the order of hours at room temperature.’

These observations are consistent with a model in which
quenching leads to the trapping of H in an electrically active
metastable state. The decay of the conductivity is then asso-
ciated with the release of H from the metastable configura-
tion. The H that is released from the traps returns to a lower-
energy state (see Fig. 1); this “reservoir” of H was found in
Ref. 3 to have an energy 0.35 eV below that of the meta-
stable state. In this paper we will focus on the microscopic
nature of the metastable state. The interactions of H with Si
have been investigated in detail;* the configurations in the
relevant energy range are shown in Fig. 1 (configurations
with energies below —2.15 eV are not included in the fig-
ure). An isolated, neutral H interstitial in Si resides at the
bond-center (BC) site, with an energy 1.05 eV below the
energy of H in free space. In this configuration hydrogen acts
as a donor, with a level about 0.2 eV below the conduction
band.>~7 The activation energy E, mentioned above corre-
sponds to the energy difference between the metastable state
and the saddle point of the migration path of an interstitial H
atom. This saddle point occurs at an energy E,, above the
level of the H interstitial at the BC. The activation barrier for
migration can be estimated to be between 0.2 and 0.5 eV (the
lower number resulting from a first-principles calculation of

0163-1829/95/51(4)/2636(4)/$06.00 51

an adiabatic energy surface,’ the higher number from high-
temperature diffusion experiments®). We thus find that the
energy of the metastable state is between —1.6 and — 1.3 eV.

According to Ref. 4 and Fig. 1 the stability of most Si-H
configurations is such that activation energies much higher
than 0.74 eV would be required to release hydrogen. In fact,
the only configuration which allows for hydrogen to escape
at room temperature or below is that of an isolated, intersti-
tial H atom at the BC. In crystalline Si (¢-Si), the stability of
the BC hydrogen has been derived from deep-level transient
spectroscopy (DLTS) measurements. It was found that the
B(; configuration is only stable at temperatures below 100
K.

In this paper we investigate whether variations on the ba-
sic bond-center configuration are possible, which provide a
higher stability, and would lower the energy of this configu-
ration to fall in the range from — 1.6 to — 1.3 eV. The stabil-
ity of the bond-center configuration arises from the forma-
tion of a three-center bond between the H atom and the two
Si neighbors.9 Hydrogen prefers the bond-center location,
because the positively charged proton is Coulombically at-
tracted to the high negative charge density due to the elec-
trons in the bond. At the same time, however, the stability is
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FIG. 1. Schematic diagram depicting first-principles energies of
various configurations of hydrogen in silicon, as well as energy
as a function of position. The saddle point for migration lies
Ep=0.2—0.5 eV above the level of H at the BC. The activation
energy £ ,~0.74 eV obtained from the experiments in Ref. 3 is the
energy difference between the metastable configuration and the
saddle point. The energy of the metastable state therefore lies be-
tween —1.6 and —1.3 eV.
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reduced due to the geometric constraints imposed by the sur-
rounding network: in order to provide reasonable Si-H bond-
ing distances, the Si atoms have to move outward from their
regular lattice sites in c-Si, raising the elastic energy. Hypo-
thetically, if the Si atoms were initially spaced further apart,
the energy gain due to the formation of the three-center bond
would still be the same, but the energy cost involved in mov-
ing the Si atoms would be lower, leading to a net increase in
stability of the configuration. While this hypothesis is incom-
patible with the nature of pure c-Si, it is an attractive possi-
bility in the case of poly-Si, where bond distortions near the
grain boundaries are known to provide a variety of Si-Si
bond distances.

It is the purpose of the present paper to quantify the in-
crease in stability of the bond-center configuration as a func-
tion of the bond distance in distorted Si-Si bonds. A previous
study by Tarnow and Street!? addressed one aspect of this
problem, namely, the effect of shear strain, which was felt to
be more appropriate to model bond-angle distortions in a-Si.
In the present work we investigate bond-length variations as
well as bond-angle variations. We also employ a different
geometry in the calculations.

We investigate the stability of the bond-center configura-
tion in a theoretical framework based on pseudopotential-
density-functional theory in a supercell geometry; details of
the computational approach were discussed in Ref. 7. The
calculations are carried out with an energy cutoff of 12 Ry;
tests at 18 Ry indicate that the calculated relaxations are
essentially converged, and that the differences in formation
energy are accurate to within 0.1 eV (and much better than
that, for small displacements). Here we are interested in find-
ing out how much the energy of the bond-center configura-
tion is lowered if the Si-Si bond into which the H atom is
introduced is initially distorted. This distortion can take two
forms: (a) a bond-length distortion, in which the separation
between the two Si atoms is increased, while maintaining the
orientation of the bond; or (b) a bond-angle distortion, in
which the two Si atoms are displaced relative to each other
along a direction perpendicular to the bond.

We have chosen the following geometry (illustrated in the
inset of Fig. 2) to investigate these distortions: we cut the
crystal along a plane perpendicular to the [111] direction,
through the center of the Si-Si bonds. The relative displace-
ments of the Si atoms mentioned above are then accom-
plished by moving these two halves of the crystal with re-
spect to one another. This implies that we are distorting all
the bonds which are cut by this plane. Also, when we intro-
duce hydrogen into the Si-Si bond, we are introducing it in
all the bonds which cross this particular (111) plane. This
geometry will serve as an adequate approximation for the
study of a single Si-H-Si bond, if we can show that the
interaction between H atoms in neighboring bonds is small.

The quantity we are interested in is the difference in for-
mation energy between H in a Si-Si bond in bulk Si, and in
a strained Si-Si bond. The formation energy is defined as the
energy difference between the Si-H-Si configuration, and
bulk Si plus a free H atom. The formation energy in bulk
c-Si serves as the reference with respect to which the
changes in formation energy as a function of distortion will
be expressed. Since these results involve a difference in en-
ergies between configurations which both include a hydrogen
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FIG. 2. Lowering in formation energy of the bond-centered Si-
H-Si configuration, for a bond-length distortion, as a function of
initial distortion (circles) and as a function of the change in the
relaxed bond length (triangles). For small distortions the calculated
points can be described by linear fits: 0.18 eV per 0.1 A (dotted
line) and 0.46 eV per 0.1 A (dashed line). Inset: schematic repre-
sentation of the configuration used to study incorporation of H into
strained Si-Si bonds. A projection of the Si network onto a (110)
plane is shown, with the [111] direction along the vertical. Bond
distortions are introduced by cutting the crystal along a (111) plane
(indicated by dotted lines), and moving the upper half of the crystal
with respect to the lower half. The coordinates describing these
displacements (Az for bond stretching and Ax for bond bending)
are indicated. Hydrogen incorporation is in the [111] oriented bonds
at the interface between the two crystal halves.

interaction term, the H-H interaction effects should largely
cancel. We have also compared our results for bond-angle
strains with those of Ref. 10, which were obtained for an
isolated Si-H-Si bond in a 32-atom supercell, and found
them to be in good agreement. Finally, we have performed
calculations for bond-length distortions in 32-atom super-
cells with a geometry similar to that employed in Ref. 10, for
which interactions between H atoms should play no role. The
results are essentially the same as those presented below.

To maintain periodicity in the calculations, the actual ge-
ometry is that of a superlattice along the [111] direction. The
superlattice included 12 Si atoms and zero or one H atoms.
For each configuration, the formation energy was determined
by subtracting the energies of the calculations with and with-
out H. This formation energy was then compared with the
formation energy of the undistorted configuration. The inset
of Fig. 2 defines our choice of coordinates for the various
types of distortions investigated here. In the case of a shear
strain (Ax # 0) periodicity can only be maintained if two
interfaces are created in the supercell: one with the Si-Si
bonds into which the H atoms are introduced, the other with
distorted Si-Si bonds. The latter interface is present in both
calculations, with and without hydrogen, and its influence on
the formation energy therefore cancels out. For each of the
distortions, only the first-nearest-neighbor Si atoms are al-
lowed to relax, both in the absence and in the presence of the
H atom.

Figure 2 summarizes our results for bond-stretching dis-
tortions. In this case, the Si atoms are displaced along the



RAPID COMMUNICATIONS

2638

original bond direction, and the change in the Si-Si bond
length, prior to relaxation, is given by Az (see inset). The
circles in Fig. 2 indicate results for the change in formation
energy expressed as a function of this initial distortion in the
Si-Si bond length. If we allow relaxation, the Si atoms
around the interface of course tend to move closer together,
in order to try and restore the original Si-Si bond length.
After relaxation, the change in the bond length will therefore
be smaller than given by the initial distortion; the triangles in
Fig. 2 indicate results plotted as a function of the distortion
in the relaxed bond length. For the configuration with H
inserted in the bond, the Si atoms are of course also relaxed.
The change in formation energy, AE, is always calculated
using energy values for relaxed configurations, both in the
absence and in the presence of hydro%en.

For displacements up to Az=0.3 A (which will turn out
to be the physical range of interest), the behavior can be
adequately described by a linear fit. Within the accuracy of
the calculations, one finds a change in formation energy of
0.18 eV per 0.1 A of increase in the initial (unrelaxed) bond
length. In a realistic situation (such as around a grain bound-
ary) one would start from prestrained Si-Si bonds whose re-
laxed bond length is (at least theoretically) known, and one
would like to estimate the lowering of the Si-H-Si formation
energy as a function of the distortion in this relaxed bond
length. As discussed above, this dependence is shown by the
triangles in Fig. 2. Once again, we note that for small dis-
placements the points roughly fall on a straight line, where
now we find a change in formation energy of 0.46 eV per 0.1
A of increase in the Si-Si bond length.

It is relevant to ask whether the symmetric Si-H-Si con-
figuration (with H on the bond axis, midway between the two
Si atoms), which was the lowest energy state in unstrained
c-Si, would undergo any modification in the case of pre-
strained bonds. While it is safe to assume that H will remain
on the bond axis, we have investigated whether the H might
prefer to bond to one of the Si atoms preferentially, a ten-
dency which looks plausible in the case of larger Az values.
We found no tendency for the H to assume an asymmetric
position, as long as Az<<0.8 A (or Ad<0.4 A), which will
turn out to be the range of interest for the grain-boundary
problem.

Let us now turn to bond-angle distortions, described by
the parameter Ax (see inset of Fig. 2). Here our results are in
general agreement with the work of Tarnow and Street.!’
Therefore we focus on the small-displacement regime
(Ax<0.6 A), which was not investigated in detail by Tarnow
and Street. Larger displacements also favor asymmetric in-
corporation of the H atom, which is outside the scope of the
present investigation. We have only considered distortions
for which Ax>0; in accordance with Ref. 10, we found such
distortions to be more favorable than those with the opposite
sign. The calculations show that the lowering in formation
energy of the bond-centered Si-H-Si configuration as a func-
tion of the coordinate Ax can be described by a parabolic fit:
AE=—-0.4(Ax)>%

It is more illuminating to plot the results for bond-angle
distortions as a function of the increase in bond length
caused by the initial displacement Ax; the resulting values
are shown in Fig. 3. Once again, the circles indicate the
change in formation energy as a function of the initial
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FIG. 3. Lowering in formation energy of the bond-centered Si-
H-Si configuration, for a bond-angle distortion, as a function of
initial (unrelaxed) distortion in Si-Si bond length (circles), and as a
function of the change in the relaxed bond length (triangles) of the
Si-Si bond. For small displacements, the calculated points can be
described by linear fits: 0.20 eV per 0.1 A distortion (dotted line),
and 0.4 eV per 0.1 A change in the relaxed bond length (dashed
line).

change in bond length; the triangles show the change in for-
mation energy as a function of the change in the relaxed
bond length. The dotted line is a linear fit to the calculated
points for initial distortions, corresponding to a change in
formation energy of 0.20 eV per 0.1 A. The dashed line is the
corresponding fit as a function of change in relaxed bond
length, leading to a gain of 0.40 eV per 0.1 A distortion.
Both of these fits are remarkably close to the case of bond-
stretching distortions. These results allow us to reach the
conclusion that, for small displacements, no matter what the
origin of the increase in bond length (be it pure bond stretch-
ing or bond bending), the formation energy of the Si-H-Si
bond will be lowered by ~0.2 eV per 0.1 A of initial dis-
placement, or about ~0.4-0.5 eV per 0.1 A of distortion in
the relaxed Si-Si bond.

Now that we have obtained quantitative results for the
bond-energy lowering of the Si-H-Si bonds as a function of
the distortion of the initial Si-Si bond, it is relevant to inquire
about the distribution of bond distortions in practical
samples. To our knowledge, this type of detailed information
has not yet been obtained experimentally, and first-principles
theoretical studies have only been carried out for grain
boundaries in Ge.'"!2 For the 3.5 and 35* twist boundaries,
an ab initio molecular dynamics approach produced opti-
mized geometries, for which the distribution of bond lengths
was then examined. Atoms in the first layer near the bound-
ary were found to exhibit nearest-neighbor bond lengths
ranging from 2.2 A to more than 2.8 A; the equilibrium bond
length in Ge is 2.45 A. The distribution was asymmetric,
with stretched bonds outnumbering compressed bonds. We
note that first-principles calculations have also been carried
out for 90° partial dislocations in Si;'> one may expect that
the features of the atomic geometry around dislocations bear
some similarity to those around grain boundaries. The results
of Ref. 13 indicate that, once again, there is a tendency for
bonds to be stretched, by amounts that can exceed 5% of the
bond length (i.e., larger than 0.1 A).
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While the statistics on the few cases that have been ex-
plicitly computed are insufficient to derive quantitative re-
sults, we can clearly draw the qualitative conclusion that the
microscopic atomic structure near grain boundaries includes
a significant number of bonds with bond lengths exceeding
the bulk bond length. Changes in the bond length of 0.1 A
seem common; our theoretical results then indicate that the
formation energy of a hydrogen atom inserted in such a
stretched bond would be lowered by 0.4—0.5 eV; this is pre-
cisely the amount needed to bring the formation energy in
the range where it could explain the experimental observa-
tions of Ref. 3.

The Si-H-Si configuration has been identified as a donor
in ¢-Si, with an energy level approximately 0.2 eV below the
conduction band.>~7 We find that this configuration continues
to behave as a donor state if the Si-Si bonds are strained prior
to inserting H. However, the donor level moves away from
the conduction band as the bond becomes distorted, at a rate
of ~0.1 eV per 0.1 A change in the (relaxed) bond length of
the Si-Si bond. The experiments of Ref. 3 are not expected to
be sensitive to the precise position of the donor level; indeed,

the modification in the conductivity occurs through the intro-
duction of charged defects at the grain boundary, which af-
fect the depletion layers and hence the potential barriers at
the boundaries (see Ref. 14).

In summary, we have performed a first-principles investi-
gation of the incorporation of H atoms into strained Si-Si
bonds. We find that the distorted structures with an increased
bond length exhibit a lower formation energy (i.e., greater
stability) for the Si-H-Si configuration. For small bond dis-
tortions, caused by either bond stretching or bond bending,
the lowering in formation energy can be described by a linear
relation: 0.2 eV per 0.1 A of initial increase in the bond
length, or 0.4-0.5 eV per 0.1 A increase in the relaxed bond
length. For typical distortions in bond lengths near grain
boundaries, we find that the formation energy of Si-H-Si
bonds is lowered to the point where this configuration is
consistent with the observations on electrically active meta-
stable states in poly-Si.
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