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Results of an ab initio investigation of the bonding of hydrogen to strained silicon-silicon bonds are re-
ported. In particular, the effect of a bond-angle distortion is studied by introducing a lateral displace-
ment of atomic planes in a supercell configuration. Compared to the normal bond-centered site, the hy-
drogen binding energy increases with strain by up to 1.5 eV and the hydrogen favors an asymmetrical
site. The results are related to the bonding of hydrogen in amorphous silicon.

I. INTRODUCTION

The introduction of hydrogen into crystalline silicon
results in several phenomena, including the passivation of
dopants and defects, and the formation of clustered hy-
drogen structures.! In hydrogenated amorphous silicon,
the hydrogen serves to eliminate most of the silicon
dangling-bond defects, and is also implicated in the
structural metastability effects.> The lowerest-energy
state of a single neutral or positive hydrogen atom in a
perfect Si crystal is the bond-center site, which lies about
1 eV below the vacuum level.® Bonded hydrogen
configurations of up to about 2 eV lower energy than the
bond-centered site exist at defects and impurity sites, and
there are also hydrogen clusters of low energy. Most of
the hydrogen in a-Si:H is tightly bound to single silicon
atoms, either in isolation or in clusters. Hydrogen
diffusion is explained by thermal excitation from the Si-H
bonds into the higher-energy states, such as the bond-
center sites.! However, the disorder of the amorphous-
silicon network introduces a variety of Si-Si bond
configurations. Measurements of the radial distribution
function show that the distribution of bond lengths is
quite narrow, but the rms bond-angle deviation is about
10°.* Strain in the Si-Si bond affects the energy of the hy-
drogen bond-center site and therefore may modify the
diffusion energy.

Strained or weak Si-Si bonds also feature in models of
defect creation and metastability in @-Si:H.> Defect
creation by Si-Si bond breaking is expected to occur at
the weakest bonds because the defect-formation energy is
lowest. It has further been proposed that the broken
bond is stabilized through attachment of hydrogen by a
reaction of the type®

H+(Si-Si)g<SiH-Si , (1)

where -Si and (Si-Si)g represent a dangling bond and a
strained bond, respectively. This model is based on the
supposition that hydrogen binds more strongly to a
strained Si-Si bond than to a normal bond, and that the H
site is increasingly asymmetrical as the distortion of the
bond is increased.

The effects of bond strain on the hydrogen bonding en-
ergy is therefore of interest to studies of both the hydro-
gen diffusion and defect metastability in a-Si:H. This pa-
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per describes calculations of the H bonding energies in
distorted bonds. Our studies particularly focus on the
effects of bond-angle strain, rather than distortions along
the bond length, because this is the dominant form of
strain in amorphous silicon. Some previous calculations
have been made of hydrogen in strained bonds, using a
computer-generated amorphous-silicon model.” We use a
crystalline model, which allows an arbitrary choice of
strain. The calculations are described in Sec. I, and are
followed by the results in Sec. III, and a discussion of
their application to the structure of a-Si:H in Sec. IV.

II. CALCULATIONS

The calculational details were as follows: The compu-
tations were performed within the framework of density-
functional theory using the local-density approximation
combined with pseudopotentials and the supercell
method.? In all calculations a 32-atom supercell was
used; one special k point (},1,1) was used in the irreduc-
ible Brillouin zone. The plane-wave cutoff used was 7
Ry. Results of convergence tests are reported below.

The shear strain was introduced into the unit cell using

the following method (see Fig. 1). One particular bond in
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FIG. 1. Illustration of the configuration used to introduce
strain. The solid circles indicate Si atoms moved to induce
strain, and the open circles indicate the resulting ‘“strained” Si
atoms with a strained bond B. The displacement is
parametrized in A. 2 indicates the original direction of bond B.
A* indicates the lateral distance between the two strained Si
atoms (perpendicular to @), and L indicates the longitudinal dis-
tance (parallel to ).
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the unit cell is labeled B, and is defined by two atoms,
each of which have three backbonding atoms. We im-
posed a transverse strain by moving these backbonding
atoms transverse to the a direction, which is the original
orientation of bond B. This movement was frozen into
the backbonding atoms, which were then not allowed to
relax. All other Si atoms in the unit cell were allowed to
relax. The imposed strain was parametrized in the vari-
able A, the relative displacement of the two sets of back-
bonding atoms. Notice that we can impose the displace-
ment in both the positive and negative directions (the
positive direction is defined by the arrows in Fig. 1). The
two directions are equivalent only for infinitesimal dis-
placements A. This can be most easily seen by consider-
ing that, for positive A, the bond B tends to line up with
one backbond in each direction, while for negative A it
tends to line up with two backbonds in either direction.
In this work we concentrate on the positive direction, but
also report one value from the negative direction. Due to
the relaxation, the atoms forming bond B may have a
smaller lateral displacement, which we denote A*; the
longitudinal distance is denoted L.

The H atom was placed in one of two positions: the
symmetric position [Fig. 2(a)] or the asymmetric position
[Fig. 2(b)]. The H atom cannot relax in the former posi-
tion (the forces are 0 by symmetry), but is allowed to re-
lax fully from the latter.

Due to the supercell approximation, there are secon-
dary regions of strain, halfway between bond B of one su-
percell and bond B of the next supercell in the @ direc-
tion. The effect of this strain is approximately canceled
out in the calculations of the energy differences with and
without the hydrogen, since both configurations are very
similar in this region.

Three calculations were performed. Total energy and
electronic states as a function of the stress: (i) without H,
(i) with H in the symmetric position, and (iii) with H in
the asymmetric position. The charge of the unit cell in
these calculations was 0, 1+, and 1+, respectively. One
calculation is also reported for a neutral H configuration.

As a test of convergence, we studied the total energies
of four different configurations: a Si-Si bond with and
without an imposed A of 1.06 A, and with and without an
asymmetric H atom. We studied the properties of the to-
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FIG. 2. Placement of the H atoms (shaded circles) intro-
duced at bond center. (a) Symmetric site; (b) asymmetric site.
Note that the calculations relax H at the asymmetrical site to its
lowest-energy state.
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tal energy and first- and second-order energy differences.
A first-order energy difference is, for example, the
difference in energy between two configurations of
different A, but with the same number of atoms in the
cell. Our second-order energy difference is the difference
between two first-order energy differences: one of a
configuration with a H atom and another of a
configuration without a H atom. We found that increas-
ing the number of k points to eight changed the total en-
ergy by 0.7 eV, the first-order differences by 0.32 eV (out
of 4.0 eV), and the second-order differences by 0.00 eV
(out of 0.29 eV). In this paper we will consider only
second-order energy differences. Increasing the energy
cutoff from 7 to 9 Ry changed the first-order energy
differences by 0.24 eV and the second-order energy
differences by 0.02 eV. Tests up to 11 Ry were performed
with these four configurations in a small eight-atom cell.
We found that the energy changes upon going from 9 to
13 Ry were even smaller as compared with those from 7
to 9 Ry.’

III. RESULTS

A. H strain-energy reduction

Let us consider the change in strain energy due to mi-
gration of the H atom to the strained Si-Si bond:

(Si-H-Si)y +(Si-Si)g — (Si-H-Si)g +(Si-Si)y , 2)

where N and S represent normal and strained bonds, re-
spectively. This is a general model for the particular re-
action in Eq. (1). The resulting energy change for Eq. (2)
is shown in Fig. 3. For both the symmetric (results al-
ways indicated with solid circles) and asymmetric (results
always indicated with solid triangles) configurations,
there is energy gained when the H atom is transferred
from a normal bond to a strained bond. The energy is
about 0.4 eV for a A of 1 A. We also find that the asym-
metric site is more favorable than the symmetric site.
The energy difference between the two is 0.1 eV for a A of
14, increasing to about 0.7 eV at A=2 A.

The H-induced strain-energy reduction changes the
response of the atomic configurations. Figure 4 compares
the lateral distance, A*, over which the strained Si atoms

A(A)

FIG. 3. Energy gained in the reaction described in Eq. (2).
Triangles denote the asymmetric configuration and circles the
symmetric configuration.
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FIG. 4. Lateral distance A* (see Fig. 1) of the strained Si
atoms as a function of imposed displacement A. Squares denote
distances from the configuration without H, circles distances
from the symmetric configuration, and triangles distance from
the asymmetric configuration.

move (vertical axis) with the lateral distance A imposed
on the backbonded Si atoms (horizontal axis). The actual
distance moved would be linear in the imposed distance if
the material can easily accommodate the imposed stress,
and we expect an increasing deviation from linearity,
A—A*, as the strain builds up. Figure 4 shows that in
the presence of a H atom the imposed and actual dis-
tances are very close, with the asymmetric being the
closest. In the absence of H (these results are always in-
dicated with solid squares) there is a significant deviation.

We also examined the actual longitudinal distance L
moved as a function of A. The result is presented in Fig.
5. The configurations with H start out at as bond-
centered sites, for which the distance L is initially about
3.2 A. We see that the change in longitudinal distance is
linear for the asymmetrically placed H atom. The dis-
tance decreases to release the stress imposed by including
the bond-centered H. This change in position is about
0.2 A fora A of 1 A. Symmetry imposes that the change
is quadratic for either symmetrically placed H or no H at
all. We note that the symmetrically placed H is not able
to release the longitudinal strain as well as the asymme-

trical configuration.
An unexpected finding is that the conﬁguratlon

without H also contracts longitudinally. Initially this is
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FIG. 5. Longitudinal distance L (see Fig. 1) of the strained
Si atoms as a function of imposed displacement A. Squares
denote distances from the configuration without H, circles dis-
tances from the symmetric configuration, and triangles from the
asymmetric configuration.

FIG. 6. Resulting bonding configuration for A=2.12 A. No-
tice that the longest bonds are the backbonds C (2.76 A), not
the strained bond B (2.29 A).

due to the tendency of the material to keep the bond be-
tween the central Si atoms. However, as A increases, this
bond is retained as a result of the configuration losing the
bonds to its backbonding atoms. The configuration we
arrive at is shown in Fig. 6. The bond lengths of the cen-
tral Si-Si bond B and the backbonds C are 2.29 and 2.76
A, respectively.

Figure 7 shows the interplay between the bond lengths
of the strained bond and the backbond (which is less
strained). They both get somewhat elongated as the
strain A is increased, but the backbond elongates more
quickly. Between A=1.5 and 2 A the backbond has be-
come so long that it starts to break. At this point the
backbonding atom is becoming increasingly sp? hybri-
dized to the atoms it remains bonded to. Indeed, it is
now only 0.35 A outside the plane created by its remam-
ing bonded atoms (rather than 0.78 A for an sp>-
hybridized atom). At the same time the central bond B
starts to shorten.

This peculiar bond breaking is a result of the large
stress induced in the positive A direction, which drives the
backbonding atom into an sp?-hybridized state. The op-
posite is true for the negative A direction, where we ex-
pect bond B to elongate while the two C bonds remain
close to their bulk values. One calculation was per-
formed for A= —1.06 A with the H in the nonsymmetric
position. Here we found that the energy gain for
transferring a H atom to the strained bond was smaller
than that for the positive A direction (0.23 eV as com-
pared to 0.39 eV for A=+1.06 A). We found that the
backbond C was indeed shorter than the strained bond B
(2.28 A as compared to 2.44 A). Thus it is apparent that
the weak bond and “strained” bond can be different and
the details of the strain and relaxation are sensitive to the
specific local bonding configuration.

A(A)

FIG. 7. Bond lengths d of the backbonds C (dashed line) and
strain bond B (solid line; see Fig. 6).
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B. Barrier of the two-state system
associated with the H atom

Next we describe one property of the asymmetric posi-
tion of the H atom, namely, the barrier for it to move
from one Si to the other semiequivalent Si atom (the
“semiequivalent” Si atom differs by a small relaxation
due to the asymmetric position of the H atom). This bar-
rier is displayed in Fig. 8 and was calculated for A=2.12
A. The H is much lighter than the Si atoms, and accord-
ingly the barrier was constructed by relaxing only the H
position, keeping the Si atoms fixed. The horizontal
coordinate in Fig. 8 labels the movement perpendicular
to the @ axis. The barrier height is calculated to be about
0.6 eV, and the initial and final states differ in energy by
about 0.2 eV. The latter energy difference is due to the
fact that the Si lattice is not properly relaxed to optimize
the energy at the second H position. This is a real
dynamical effect.

C. Strain-energy relief from other impurities

A calculation was made to find out what other impuri-
ties would do to relieve bond strain energy. First we con-
sider substitutional P. A configuration with A=1.59 A
was chosen, in which one of the two strained Si atoms
was replaced by the P atom (in a singly positive charge
state). No H atom was added. The configurations were
allowed to relax and the calculated strain-energy
difference with and without P was within 0.05 eV, com-
pared to the corresponding H strain-relieving energy of
about 0.70 eV. The general substitutional impurity can
vary from being Si-like to being vacancylike, depending
on its position in the Periodic Table. For example, while
impurity-Si force constants for impurities close by (i.e., P)
are nearly as large as the Si-Si force constants, the force
constants for impurities far to the right or to the left in
the Periodic Table can be as small as 30% of the Si-Si
force constants.!® Thus, to include predictions for the
whole range of substitutional elements, a final calculation
was undertaken in which one of the two strained Si atoms
was removed to give the stress-relieving effect of the oth-
er extreme—the Si vacancy (here we used the doubly
positive charge state). This gave a much larger effect,
with an energy lowering of about 1.4 eV at A=1.59 A,

1.0
S
2 0.5
w
A
0.0 0 0.5 1
At relaxed At unrelaxed
lone pair lone pair

FIG. 8. Calculated energy barrier moving a proton from one
strained Si atom to the other. Ais2.12 A.
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which is twice as strong as that of the bond-centered H
atom. This result illustrates that hydrogen relieves about
half of the strain at this value of A, since the vacancy pro-
vides almost complete strain relief of the distorted Si-Si
bond.

D. Electronic states of the strained configurations

The electronic states of the supercell at the (4,1,1) k
point are shown in Fig. 9 as a function of the induced
strain. The thick horizontal lines represent the calculat-
ed top of the valence band and the bottom of the conduc-
tion band of pure Si. Solid lines indicate filled states,
dashed lines indicate empty states. Squares denote states
from the configuration without H, circles states from the
symmetric configuration, and triangles states from the
asymmetric configuration. We see that in the absence of
H there are two bands, one below the top of the valence
band and one above the bottom of the conduction band,
that move into the gap as the strain is increased. They
both start away from the gap, due to the artificially large
gap at the special k point considered. Both the highest
filled state and the lowest empty states for A=1.06 A are
delocalized with only about 7% centered around any one
atom.

As strain is increased, in the presence of H, the states
in the top of the valence band closely follow the state for
the configuration without the H (see Fig. 9). However,
the states near the conduction band are more sensitive.
For zero stress, the H-induced state is in the gap; it is the
empty antibonding state of the bond-centered H
configuration.!! It consists of two lobes from either Si
atoms with a node at the H atom. Notice also that the
symmetric and asymmetric configurations are initially
similar, but they differ as the stress is increased. The
asymmetric state changes the least; its energy comes
down slowly and intersects the condution-band state for
the system without H. The symmetric states changes
more quickly and does not intersect the conduction-band
state. In the A=1.06 A configuration, neither highest-
filled state is localized (less than about 6% on either
atom). The lowest unfilled state is considerably localized.

A(A)

FIG. 9. Electronic states in the vicinity of the gap as a func-
tion of imposed stress A. Solid lines indicate filled states;
dashed lines indicate empty states. The thick horizontal lines
mark the top of the valence band (at about 9.8 eV) and the bot-
tom of the conduction band (at about 10.6 eV) of the present
calculation. Squares denote states from the configuration
without H, circles states from the symmetric configuration, and
triangles state from the asymmetric configuration.
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For the symmetric configuration, this has about 26% of
the charge on the H atom and 22% on each of the two
nearest-neighboring Si atoms. As we increase the strain,
the lowest unfilled state starts to disperse. Let us consid-
er an interval of 2 eV around the center of the gap and
study the projection on a p, state (where the z direction
coincides with the 2 axis of Fig. 1). Here we find that the
charge density on the Si atom closest to the H decreases
(20%, 15%, and 10% for A=0, 1.06, and 2.12 A, respec-
tively), because a Si-H bond develops that is centered
deeper into the valence band. The same is true for the
H-atom charge density (24%, 15%, and 7%, respective-
ly). The charge density on the atom further away from
the H atom inocreases (20%, 25%, and 31% for A=0,
1.06, and 2.12 A, respectively). Due to the dispersion, an
increasing amount of this charge density is filled with
electrons (0%, 1%, and 11%, respectively), and the
unfilled charge is distributed over several states. Thus
the character of the state in the vicinity of the gap is in-
creasingly that of a dangling bond on the silicon atom
further away from the H, as A increases.

E. Strain-energy relief in the neutral charge state

Finally, one calculation was also performed for H in its
neutral state for A=0 and asymmetrically placed at
A=+1.06 A. Only minor relaxations occurred relative
to the charged configuration (a 0.07-A expansion of the
perfect bond-center configuration, for example, giving an
energy lowering of 0.04 eV) and the energy gains were ap-
proximately equal for the strained and nonstrained
configurations. The resulting energy for transferring a
neutral H to a strained bond was found to be 0.09 eV
more favorable than in the positive state. Notice that this
number is a third-order energy difference and is probably
meaningful. Most of this energy difference (0.07 eV)
comes from the half-filling of the midgap electronic state.
Suppose we extrapolate this result to include also the
symmetrically placed H atom. Then we should find that
the energy gain for the H going off center would diminish
as we fill the state in the gap. This is due to the state in
the gap associated with the symmetric H position is
placed lower than the state associated with the asym-
metric H.

IV. DISCUSSION

The present calculations of hydrogen in strained Si-Si
bonds apply to amorphous silicon and perhaps to hydro-
gen clusters in polycrystalline and crystalline silicon
where there are distortions of the Si-Si bonds (in particu-
lar, the network disorder in a-Si:H is for small distortions
taken up mostly by bond-angle distortions, analogous to
our calculational setup). Grain boundaries in polycrys-
talline Si are another example of highly strained struc-
tures. Bond-angle strain is found in both tilt and twist
boundaries,'? and we would expect H atoms to accommo-
date this stress. This could also be true for the elements
on the far left and right in the Periodic Table that bind
weakly to Si,'° and for vacancies. In agreement with our
calculation on the stress-relieving effects of a vacancy is a
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finding that highly strained twist boundaries in Ge are
sources and sinks of vacancies.!? The platelet structures
formed by hydrogenation of single-crystal Si have
strained Si-Si bonds, but the extent of the bond-angle
strain is unclear as the structure of the platelet edge is
not determined.

Models of hydrogen in a-Si:H have assumed that hy-
drogen bonding is stronger at distorted Si-Si bonds.
Furthermore, it has been suggested that the bonding site
is highly asymmetrical at the most strained sites, approxi-
mating to a Si-H bond and a dangling bond rather than a
bond-center site. The calculations confirm both of these
suppositions. The asymmetrical site is favored by up to 1
eV and the electronic states in these sites have the char-
acter of a silicon dangling bond.

The variation of hydrogen binding energies in a-Si:H
can be described by a hydrogen density-of-states distrbu-
tion. The calculations allow an estimate of this distribu-
tion, by relating the bond-angle disorder in a-Si:H to the
strain-induced changes in the H bond. We assume a
Gaussian distribution of bond-angle deviations, N(6),
with distribution o, about the normal tetrahedral silicon
bonding. The bond-angle deviation is about 10°, as ob-
tained from x-ray measurements of the silicon radial dis-
tribution function,

N(8)=Nyexp(—6*/0?) . (3)

The bond-angle deviation is related to the strain intro-
duced in the calculations, 9ppr0ximately by A/R, where
R is the bond length, 2.35 A. The energy shift, Ey, of the
hydrogen bond in Fig. 3 is roughly parabolic and may be
described by

Ey=aA’, )

with a~0.4 eV A2 The distribution of the hydrogen-
bond energy is therefore

N(EH):Noexp(_EH/Eo) N (5)
where
Ey=0’R%*a~100 meV . (6)

Thus, we obtain an exponential hydrogen distribution
with an inverse slope of 100 meV.

This distribution is close to the estimates made previ-
ously for the hydrogen density of states in a-Si:H, which
were based on simple models of weak bond breaking.'?
Again the calculations support the previous model.

V. SUMMARY

We have found that H can relieve strain energy, and
that the “weak-bond” model>® is confirmed in three
ways: (i) the H atom preferentially bonds with one of the
Si atoms, and the preference becomes stronger as the an-
gular stress increases; (ii) the electronic midgap state be-
comes more and more similar to a dangling bond as the
angular stress increases; and (iii) the total energies at
these strained sites in combination with the known
bond-angle distribution gives a H bond energy distribu-
tion in agreement with experimental findings.
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Interestingly enough, we find that H is a good stress re-
liever, but not the best. A vacancy would be about 2
times better. This implies that superior stress relief
might be obtained for elements that bond very weakly to
the substitutional site in Si. These would be the elements
on the far right and far left of the Periodic Table.!° It is
noteworthy that for these elements the electronic states
become more and more vacancylike, which means that
with a high probability these strained substitutional sites
could have a negative effective electronic correlation en-
ergy.!®!* The intriguing possibility then arises that with
these impurities one could have the stress-relieving effects
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of H, the negative-U behavior of the vacancy, and lose
the unfavorable effects of the fast-diffusing H atoms on
structural metastability.
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