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Diatomic-Hydrogen-Complex Di8'nsion and Self-Trapping in Crystalline Silicon
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We propose a new metastable diatomic hydrogen complex in crystalline Si. Our ab initio calculations
show that the complex is about 1.2 eV more stable than two separated neutral hydrogen atoms in their
most energetically favorable configurations. A novel dift'usion mechanism, based on metastable and
molecular hydrogen-complex formation and dissociation, is presented.

PACS numbers: 66.30.Dn, 61.70.At

The nature of hydrogen bonding and diAusion in crys-
talline' (and amorphous ) silicon has been the subject of
many recent experimental and theoretical investigations
because of its scientific and technological importance.
The microscopic basis for hydrogen diAusion remains an
open question, however. There is even controversy on
the charge state and identity of the diAusing species, i.e.,
whether it involves monatomic or molecular hydrogen, or
possibly some other complex.

Diffusion via primarily monatomic hydrogen is as-
sumed in most studies ' ' on crystalline Si. This as-
sumption is reasonable in the region of low hydrogen
concentrations, or at very high temperatures since molec-
ular hydrogen (H2) has a large binding energy and a
large diAusion barrier' of 2-3 eV. Recently, Johnson
and Herring' ' found a highly immobile species with a
diffusion coefficient of ~ 10 ' cm /sec at 350'C, and
they assigned it to molecular hydrogen. A deep-donor
model for hydrogen and observations of its electric-
field-dependent diAusion ' ' ' have provided strong
evidence that atomic hydrogen diAuses as a positively
charged unit H+ in p-type samples. ' In n-type Si, a
negatively charged hydrogen H has been suggested to
be involved in both diffusion and in hydrogen-donor pair
formation. "' ' ' Although neutral hydrogen H is
also expected in diA'usion, its presence would be difficult
to reconcile with the general failure to observe an
electron-spin-resonance (ESR) signal from it. ' In addi-
tion, the large spread in the diffusion coeAicient data and
the difhculty in fitting it with a single activation energy
suggest that hydrogen diA'usion may not be as simple as
envisioned by existing models. ' ' ' 0

In this Letter a new metastable diatomic configuration
of H in Si is proposed and its diffusion mechanism is ex-
amined. The metastable diatomic complex denoted by
Hq is shown in Fig. 1(a). The hydrogen atoms in Hq

occupy regions of high and low electronic charge densi-
ties. The results of our calculations for the diAusion bar-
rier of this complex indicate that it should be an impor-
tant source of hydrogen diffusion, particularly at high
hydrogen concentrations and at low temperatures. We
discuss the transformation of the H2 complex into an H2
molecule, and its subsequent "dissociation" back into the
complex.

Ab initio pseudopotential ' calculations were done for
monatomic, molecular, and other diatomic hydrogen
complexes, using the Wigner interpolation formula for
the exchange and correlation potentials. A plane-wave
basis set with a kinetic-energy cutoff of 10 Ry was
used for a supercell geometry with eighteen atoms per
unit cell. For each configuration, the total energy
was optimized by calculating the Hellmann-Feynman
forces and displacements of the first- and next-nearest
neighbors of interstitial H atoms.

The charge state of atomic hydrogen and its stable in-
terstitial position are strongly aAected by the position of
the Fermi level. In p-type samples where the Fermi level
is close to the valence-band maximum, atomic H+ is
most stable at the bond-center (BC) site of two neigh-
boring Si atoms, whereas in n-type Si atomic, H at the
tetrahedral (Td) site is most stable. These results are
generally consistent with other calculations. '" There-
fore, hydrogen can be either a donor or an acceptor in p-
and n-type Si, respectively. .

'

The activation energies for the H+ and H diff'usion

were calculated to be about 0.1-0.3 eV along the high-
density channels which connect neighboring BC posi-
tions, while H has an activation energy of 0.3 eV in the
low-density regions going through the interstitial Td and
hexagonal sites. '" Although H2 is an inactive species
which is not easily accessible to experimental tests, re-
cent findings of an extremely immobile species even at
350 C provide strong evidence for its existence in crys-
talline Si. ' ' It is generally accepted that hydrogen
diAuses by an atomic mode at very high temperatures of
around 1000 C. The results of a very recent experi-
ment show the existence of a rapidly diAusion species
in B-doped Si, even at room temperature and at very low
hydrogen concentrations of 10' cm . Since the mea-
sured activation energy and the diAusivity in this experi-
ment are similar to those obtained from the high-
temperature measurements, the diffusing species is
most likely atomic in origin.

In the following we investigate new hydrogen diAusion
modes which can be operative at low temperatures and
at high hydrogen concentrations. We consider the neu-
tral and ESR-inactive diatomic Hq complex shown in

Fig. 1(a). The complex has C3,, symmetry and its two
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FIG. 1. Two atomic complexes of hydrogen. The hydrogen
atoms in (a) occupy the bond-center (BC) and Td sites along
the [111]axis while in (b) they are at BC sites of neighboring
Si-Si bonds parallel to the [111]axis.

hydrogen atoms occupy a BC site and a neighboring Td
site. The total energy for H2 is found to be lower by
=1.2 eV than that of two isolated neutral hydrogen
atoms. It is also lower by 1.15 eV when compared to a
combination of positively and negatively charged hydro-
gen atoms in their most favorable atomic configurations.
However, H2 is 0.4 eV higher in energy than an H2 mol-
ecule in its lowest-energy configuration at a Td site.

The H atom at the BC site of the H2 complex is
strongly bonded to its adjacent Sii atom (see Fig. 1),
which is well separated from the other H atom at the Td
site. The Sii-H bond length is 1.53 A and the Sii atom
relaxes 0.24 A towards the antibonding region. Howev-
er, the Sit~ atom bonded to the H atom at the Td site has
a larger relaxation from its ideal position, moving by
0.79 A to the interstitial position, lying on the plane of
its three neighboring Si atoms. The Si~~ atom is also well
separated from the hydrogen atom which occupies the
BC site. The H2 complex, therefore, involves the forma-
tion of two strongly bonded H atoms. If the combination
of each Si-H pair is considered to be approximately
equivalent to that of an As atom, the bond-breaking
configuration for the H2 complex is similar to that for
the metastable As-antisite defect in GaAs.

In the other diatomic complex shown in Fig. 1(b), the
two neutral H atoms occupy neighboring BC sites
aligned along the same crystalline axis. The elongation
of these Si-H-Si bonds has been suggested to be the
source of H-induced microdefects observed in n-type ma-
terials. The energy for this complex is found to be 1.8
eV higher than for H2.

We now focus on the diff'usion of Hq because of its
low-energy configuration. The diffusion paths shown in
Fig. 2 consist of high- and low-density channels along
which the H atoms become positively and negatively
charged, respectively. It should be noted, however, that
the H + species at the BC site becomes a neutral one in
the configuration of Fig. 1(a) because of charge transfer
from the relaxed Si~~ atom to H+. As the H atom moves
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FIG. 2. Possible diftusion paths are marked by arrows for
the (a) H+ and (b) H species which are interacting. Relaxa-
tion eA'ects are neglected. Paths I, II, and III are drawn by
dashed, dotted, and dot-dashed lines, respectively.

away from the BC site and follows the high-density re-
gion, it regains its positive charge state because the ion-
ized Si~~ atom which was bound to the H relaxes back
to its original position and forms a normal Si-Si bond.

For the diff'usion step of the H+ atom of the complex,
we assume that its H counterpart remains fixed at the
Td(1) site, but all Si atoms are relaxed at each step. In
Fig. 3 we show the variation of the total energy for H+
diff'usion along various paths. The H+ ion can be self-
trapped by the rnetastable H2 configuration at the
BC(1) site prior to the start of diffusion. After the hy-
drogen atom occupying the BC(1) site has overcome the
0.8-eV energy barrier to migrate to the neighboring
C(1) site [defined by the center of the rhombus formed
by the two neighboring Si-Si bonds lying on a (110)
plane], two different diffusion paths become possible:
The C(1)-BC(2)-C(2)-BC(3)-C(3) labeled as path I in
Fig. 2 is almost identical to the dift'usion path for mona-
tomic H+ (Ref. 12), whereas the C(1)-Q(1)-C(1)'-
Q(2)-C(3) labeled as path II is more or less parallel to
the Si-Si bond chains. In this case, the paths actually
cross the points close to the C and C' sites, where C' has
the same symmetry as C and is on the plane perpendicu-
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FIG. 3. Calculated binding energies of the diatomic com-
plex for diAusion paths I, II, and III shown in Fig. 2. The en-
ergies for H2 and H2 are marked by open and closed circles
while the horizontal line denotes the energy for two isolated
neutral hydrogen atoms. Shaded areas represent self-trapping
regions induced by H2 and H2 formations.

lar to a (110) plane. The Q(1) and Q(2) sites are dis-
placed from the midpoints of the C-C' line segments by
0.93 A towards neighboring Td sites.

Along path I, the H+ ion experiences a low activation
barrier. However, molecular H2 formation is highly like-
ly at the C(2) site because of the proximity of the H
atoms of the diatomic complex. In this case, the energy
is reduced by 0.9 eV by moving the complex 0.54 A
along the [001] direction and contracting the bond
length to 0.85 A. Since the resulting energy for H2 is
lower by 0.4 eV than H2, the molecule acts as a deeper
trap than the H2 configuration in Fig. 1(a). Along path
II, the energy barrier is found to be higher by 0.2 eV
than that of path I. The maximum energies occur at the
Q(l ) and Q(2) sites while the intermediate C(l)' site is

at a local minimum of the energy, similar to those at the
C(1) and C(2) positions.

Since the molecule formed at the Td(1) site is almost
immobile, its dissociation and other complex formation
reduce its activation barrier for diffusion. If the H+
species occupies the C(3) position either after being de-
trapped from an H2 molecule (or if it has avoided molec-
ular formation), the H unit would diffuse through the
low-density channel denoted by path III [Td(1)-H„(1)-
Td (1 ) '-H, „(2)-Td (2), where H,„(1) and H,„(2) are the
hexagonal sites and Td(1)' is an intermediate tetrahedral
site]. Such a diffusion path is similar to path II for H+.
However, the maximum energy barrier is lower by about
0.2-0.4 eV and the total-energy variation along path III

is only 0.15 eV which is much smaller than that for H+
diff'u sion.

In contrast to the diAusion of atomic hydrogen, the
hydrogen atoms in the complex, separated by 0.85-4.25
A during diffusion, are interacting and their energies are
generally lower than those of isolated hydrogen atoms as
shown in Fig. 3. The interacting hydrogen atoms mi-
grate via a zig-zag motion, i.e., repeating paths I (or II)
and III for the H+ and H species, respectively. The
calculated activation energy for the diftusion of a dia-
tomic complex is about 0.5 eV when the hydrogen atoms
bypass traps. In the case of trapping, the formation of
H2 and H2 complexes increases the activation energy by
0.5 and 0.9 eV, respectively. Therefore, the activation
energy for diatomic-complex diffusion is higher and its

diffusivity is lower than that for atomic hydrogen.
Comparing the energies of stable atomic hydrogen (i.e.,—1.85 eV for H+ in p-type and —1.55 eV for H in
n-type Si), with that of the metastable diatomic com-
plex, and with that of hydrogen-dopant pairs, ' we sug-
gest that the formation of the diatomic complex is most
likely at high hydrogen concentrations and at low tem-
peratures because the complex easily dissociates into
atomic hydrogen at high temperatures. The possibility
of atomic hydrogen diffusion at low hydrogen concentra-
tions cannot be excluded, however. Since the maximum
energy in path II is similar to that for two isolated hy-
drogen atoms, the dissociation of the complex is likely to
occur at the peak positions in Fig. 3.

We also like to point out that dopants can aAect the
formation of an H2 complex, thus influencing the
e%ciency of hydrogen diAusion. The formation of an
H2 complex from charged hydrogen atoms resulting
from compensation by free carriers involves the reactions
H +H+ H2 +h+ and 2H+ H2 +2h+ in p-type
Si and H +H H2 +e and 2H H2 +2e in

n-type Si, where h+ and e denote a free hole and an
electron, respectively. We find that the energy of the
metastable H2 complex is lower than that of 2H in n-

type Si while it is higher than that of 2H+ in p-type Si.
Therefore, the diatomic-complex diffusion is more likely
to occur in n-type than in p-type Si. In addition, since
H2 -complex formation competes with H-dopant pair
formation, a smaller binding energy for a H-P as com-
pared to a H-8 pair ' also helps in H2 (and Hq) forma-
tion in n-type Si. An excess of H2 complexes increases
the formation of Hq molecules because the atomic
geometries of these two complexes are closely related to
each other and the energy barrier of 1.0 eV from H~ to
H2 is not very high.

Our results suggest that hydrogen diff'usion in p-type
Si at very low hydrogen concentrations is dominated by
the ionized atomic mode, and this prediction is in good
agreement with recent experimental results. In n-type
Si, analysis of recent experimental data provides strong
evidence that diffusion involves more than just an atomic
hydrogen species and some type of hydrogen-complex
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diff'usion was inferred. ' This result is again consistent
with our theoretical predictions. To detect atomic hy-
drogen diffusion in n-type Si, one has to do experiments
at very low hydrogen concentrations, which are similar
to those of Ref. 26 for p-type Si.

As we mentioned earlier, a diatomic H2 complex is
ESR inactive, consistent with the experimental failure to
detect any ESR signal from H in Si. Our theory predicts
that hydrogen should also be ESR inactive in undoped
Si. If atomic hydrogen were more stable than the dia-
tomic complex, then a strong ESR signal from H would
be expected in pure Si since atomic hydrogen would
occur in large numbers in the neutral and spin-active
state. The negative-U reaction 2H H++H, which
is found to be weakly exothermic by =0.05 eV, would
also lead to a temperature-dependent ESR signal which
has not been experimentally observed.

We hope that our theoretical results will provide a
better framework for understanding the diA'erences in
the difusivity of hydrogen in n- and p-type Si than previ-
ous models dealing with purely atomic or molecular hy-
drogen diff'usion.
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