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The nature of hydrogen bonding and diffusion in crystalline Si was investigated using an ab initio
self-consistent pseudopotential method. The relative energies of interstitial atomic hydrogen, dia-
tomic hydrogen complexes, and shallow dopant-hydrogen complexes were examined. %'e present a
mechanism for hydrogen diffusion which involves a new metastable diatomic complex with a much
lower activation barrier for diffusion than molecular hydrogen. The effects on diffusion of
diatomic-complex dissociation or its conversion to molecular hydrogen are discussed. The inhuence
of temperature, hydrogen concentration, and dopant (n or p type) on hydrogen diffusion are exam-
ined. Metastable diatomic-complex formation is proposed to be highly likely at low temperatures
and at high hydrogen concentrations, particularly in n-type Si. Diffusion through an ionized H
form is most likely to occur in p-type Si.

I. INTRQDUCTION

Despite the fact that hydrogen is known to be diffusive
in bulk crystalline Si, its diffusion mode is not well under-
stood and the microscopic picture for the diffusion mech-
anism is still controversial. ' Several experiments have
shown that the diffusion coeNcient in Si has a strong tem-
perature, hydrogen-concentration, and dopant-impurity
dependence. ' Over thirty years ago, Van Wieringen
and Warmoltz measured the hydrogen permittivity over
the temperature range of 970—1200'C and their results
have led to general agreement that diffusion occurs
through an atomic mode at elevated temperatures. In a
recent experiment, Seager and Anderson' have demon-
strated that a rapidly diff'using species, most probably
atomic hydrogen, exists in B-doped Si even at room tem-
perature and at low hydrogen concentrations of 10'
cm . This experiment has provided new insight into the
role of hydrogen concentration on diffusion. At high hy-
drogen concentrations and in the temperature range of
27 —600 C, the measured difFusivities" of hydrogen were
found to be about 3 orders of magnitude lower than that
obtained from the high-temperature diffusivity data.

Atomic hydrogen has been assumed to be the primary
diffusion unit in Si because molecular hydrogen (H2), al-
though the most stable state of hydrogen, has a large
diffusion barrier. ' ' Recently, Johnson and Herring in-
ferred a highly immobile species at moderate tempera-
tures of (3SO'C which they assigned to molecular hy-
drogen. ' ' Because of the difference between the high-
and low-temperature diff'usivity data, '" it is not yet clear
whether diffusion at moderate temperatures occurs in the
form of monatomic or molecular hydrogen, or possibly of
some other complexes.

Hydrogen is observed to diffuse more rapidly in doped

than in undoped Si. Furthermore, the efFiciency of hy-
drogen diffusion is better in p-type than in n-type Si. '

There is experimental evidence that hydrogen difFusion in
p-type Si is strongly electric field dependent and proceeds
by a positively charged species (H+). ' Negatively
charged hydrogen (H ), has been suggested to occur in
both difFusion and in donor-hydrogen pair formation in
n-type Si. ' ' ' ' Neutral hydrogen (H ) is expected to
exist in both doped or undoped Si when the hydrogen
concentration exceeds that of the dopant.

Transport measurements on resistance and Hall mobil-
ity have provided detailed information on hydrogen
bonding with dopant impurities. At low temperatures, it
is well known that atomic hydrogen passivates dopants
by neutralizing their electrical activity, as evidenced by a
decrease in the carrier concentration but an increase in
the Hall mobility (resulting from a reduction in charged
impurity scattering). ' ' The passivated dopants are
mostly reactivated by annealing above 150 C in B-doped
Si and above 120'C in P-doped Si. The observation of
hydrogen-associated vibrational frequencies indicates
that hydrogen forms complexes with the impuri-
ties. ' Hydrogen passivation was generally observed
to be more effective in p-type than in n-type Si. A micro-
scopic origin for the difference is provided by our recent
calculations„' which show diff'erent structures and bond™
ing energies for the 8-H and P-H complexes.

In this paper we present a more detailed study of the
results of our first-principles pseudopotential calcula-
tions ' for the atomic and electronic structure of inter-
stitial hydrogen in crystalline Si. We examine various
configurations for interstitial hydrogen and dopant-
hydrogen complexes in Si, and compare the energetics of
diatomic versus monatomic hydrogen difFusion modes.
The eff'ects of dopant, hydrogen concentration, and tem-
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perature on diffusion are also discussed.
The paper is organized as follows. The theoretical ap-

proach used in the calculations is brieQy described in Sec.
II. In Sec. III, we present the calculated binding energies
of: (i) interstitial atomic hydrogen, (ii) various diatomic-
hydrogen complexes, and (iii) dopant-hydrogen com-
plexes. Hydrogen diffusion is discussed in Sec. IV and a
summary of the main results is given in Sec. V.
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FIG. 1. The BC, AB, Td, Hex, C, and M sites in the diamond
lattice structure of Si are shown.

Our calculations are based on the ab initio total-energy
pseudopotential method within the framework of the
Hohenberg-Kohn-Sham local-density approximation
(LDA). The exchange and correlation functional is ap-
proximated by the Wigner interpolation formula. Non-
local pseudopotentials are generated using the scheme
proposed by Hamman, Schluter, and Chiang. ' For the
Si, 8, and P atoms, the potentials were previously tested
and found to be successful in predicting bulk structural
and vibrational properties.

For the H ionic pseudopotential, only the local s poten-
tial is important because the energies of the p and d orbit-
als are much higher than that of the s orbital. The exact
—1/r form of the potential was also tested as an alterna-
tive to the pseudopotential. The results show that energy
differences are less than 10 eV for the two potentials.
The accuracy of the H pseudopotential was further
confirmed by calculating the bond distances of H2 and
silane (SiH4) molecules, as previously reported. '

We performed total-energy calculations for interstitial
monatomic hydrogen, molecular and other diatomic
complexes in crystalline Si. The stable position for each
charge state of H was determined by examining sever'al
interstitial positions as shown in Fig. 1. These include
the bond-center (BC), antibonding (AB), tetrahedral ( Td ),
hexagonal (Hex), C, and M sites. The M point is located
midway between two adjacent C sites where C labels the
position at the center of the rhombus formed by the two
neighboring Si—Si bonds. In the case of the diatomic
complex, the energies were calculated at sites with high
and low electronic charge densities as shown in Fig. 2.

The effects of dopants on the stability of various hydro-
gen interstitial positions were included by changing the
position of the Fermi level in the gap. This procedure is
valid when the hydrogen atoms are well separated from
the impurity atoms. For H in the vicinity of substitution-

(c) (d)
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FIG. 2. Various diatomic hydrogen configurations are
shown. The diatomic complex in (a) corresponds to an H2 mole-
cule at the Td site. The hydrogen atoms are at the BC sites of
neighboring Si—Si bonds parallel to the [111]axis in (b) while

they occupy off-bond center sites in (c). The metastable H2

complex in (d) consists of the hydrogen atoms occupying the BC
and Td sites along the [111]axis.

al dopants, the energies of the stable configurations of H-
dopant complexes were determined for comparison with
those for the separated H-dopant case.

For each geometry the total energy was calculated
self-consistently in the momentum space representation.
Hellmann-Feynman forces were calculated and the
nearest neighbors of the interstitial H atoms were relaxed
until the optimum atomic coordinates were established.
The valence (pseudo-) wave functions were expanded in a
plane-wave basis set with kinetic energy cutoffs of 11.5
and 10.0 Ry for eight-atom cubic and 18-atom
&3 X &3 X &6 hexagonal supercells, respectively. These
supercell geometries mimic systems where the defects are
well separated. Although the use of a larger sized su-
percell is desirable to minimize the uncertainty resulting
from defect-defect interactions, we find that all essential
information can be extracted from an eight-atom cell.
For relative energy differences, we estimate the errors
caused by the use of different-sized supercells to be about
0.1 eV. For diatomic hydrogen complexes, the larger 18-
atom cell was used in the calculations because the relaxa-
tions of neighboring Si atoms were more spatially extend-
ed than for monatomic hydrogen. The summation over
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the Brillouin zone was carried out using four and two
special k points for the eight-atom and 18-atom super-
cells, respectively. These numbers correspond to 32 and
38 k points in a bulk crystalline Si lattice.

III. ENKRGKTICS OF VARIOUS
CONFIGURATIONS OF HYDROGEN IN SI

A. Monatomic hydrogen

We consider first an interstitial hydrogen atom far
apart from dopant impurities. The interaction between
the dopant and H atoms can be considered to be negligi-
ble if their separation is larger than a cubic lattice con-
stant of the eight-atom unit cell. This approximation is
reasonable at hydrogen concentrations of ~ 10 cm if
the hydrogen atoms are assumed to be uniformly distri-
buted.

The H-related energy level is found to be significantly
dependent on interstitial position. At a BC site, hydro-
gen breaks the nearest-neighbor Si—Si bond and forms a
new three-center Si—H—Si bond. The Si-Si distance is
stretched to approximately 3.2 A which is 30% larger
than a normal bond length. In this configuration, the oc-
cupied bonding state arising from the H s and Si sp or-
bitals lies deep in the valence band while the singly occu-
pied antibonding gap state is near the conduction-band
minimum when the H atom is in a neutral charge state.
The electronic charge density for H is found to be piled
up in the antibonding regions. The charge distribution
associated with an H+ ion at the BC site is not, therefore,
the same as that of a bare proton but that of a positively
charged state of the Si—H—Si complex.

Since the antibonding state is derived primarily from
the conduction bands, its energy level position is expected
to be underestimated with respect to the valence-band
maximum. This is similar to the case for semiconductor
band gaps and results from well-known limitations of the
local-density approach. A correction to the underes-
timation of the gap will afFect, therefore, the total ener-
gies for H and H where the antibonding levels are oc-
cupied whereas the energy of H+ will not change. Table
I shows the calculated binding energies for H+, H, and

H at their most stable positions relative to H in vacu-
um. These energies are plotted in Fig. 3 as a function of
the Fermi-level position. In p-type Si, monatomic hydro-
gen is most stable in a positively charged state at the BC
position. In this case, compensation by a free hole (h)
occurs by the exothermic reaction

H +B +h —+H++B

This result is consistent with the hydrogen deep-donor
model previously suggested. ' '

For H at the Td site, the electronic level is mostly re-
lated to the Hs orbital because the bonding with the
neighboring Si atoms is weak. The Td position is in a re-
gion of nearly empty charge density and the H potential
at this site is screened less efFectively by the electronic
charge density of neighboring Si atoms. Therefore, the
H-related energy level is lower than that for H at the BC
site, lying near the valence-band maximum. In n-type
materials, the negatively charged state of H is found to be
most stable at the Td site, ' thus the H atom behaves as
an acceptor, inducing the reaction

H +P++e H +P+,
where e denotes a free electron. Because the charge
density of H at the Td site is approximately atomiclike, '

its wave function is not conduction-band derived. The
correction to the band-gap narrowing resulting from the
LDA calculations should not be significant, therefore, for

TABLE I. The energies for various interstitial configurations
of atomic hydrogen, diatomic hydrogen complex, and dopant-
hydrogen complexes in p- and n-type Si are calculated and com-
pared. The energies are in units of eV per H atom except for H2
and H2 where the energies are in eV per diatomic complex. The
energy of a free H atom in free space is taken as the zero of en-

ergy.
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p-type Si

—0.4
—1.1
—1.85
—3.4
—3.8
—2.S

n-type Si

—1.54
—1.1
—0.71
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FIG. 3. Energies of interstitial H+, H, and H atoms at
their stable positions are plotted as a function of the Fermi level
EF and they are compared with those for H2, H2, B-H, and P-H
complexes. Energies are in units of eV per two H atoms. For p-
and n-type Si the Fermi level has the values EF=0 and EF Eg,
respectively, where Eg is the band gap.
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either a negatively charged or a neutral H atom at this
site.

For neutral H, several different interstitial positions
have been suggested as being stable. These include the M
(Ref. 14), Td (Ref. 40), and BC (Refs. 15—17) sites. The
calculations of Corbett et a/. for the M site show it to be
a metastable configuration only when the surrounding Si
"cage" atoms are kept in fixed positions. ' Relaxation of
these atoms leads to the prediction of a BC site for H. '

Our calculations show that the Td site is more stable than
the BC site. This stable position is expected because as
discussed earlier the H-related electronic level at the Td
site is lower than that for H at the BC site. Moreover,
the stability of the Td site over the BC site is likely to be
enhanced by a band-gap correction which will adversely
affect the BC site in the LDA calculations. For H, the
calculated binding energy of 1.1 eV, which is obtained by
comparing the energy of H in Si with that in free space,
is in good agreement with the value of 1.0 eV derived
from the experimental data. Our results for the stable
positions of H+ and H are consistent with other recent
calculations ' however, our identification of the inter-
stitial site for H does not agree with the results of some
calculations. ' ' When second-order Lowdin perturba-
tion theory is used (Ref. 17) the BC site is found to be
more stable. The disagreement between the two results,
therefore, may be due to the use of different matrix diago-
nalization schemes and convergence criteria, and to the
relatively small energy difFerence ( ~ 0.25 eV) between the
two configurations for H .

Recent muon-spin-resonance measurements have
shown the existence of both normal and abnormal muoni-
urn occupying Td and BC sites, respectively. ' Only
one experimental group has reported detecting an ESR
signal from H in Si. Kiev' and Estle have recently
shown that the muon-spin-resonance parameters ob-
tained from their experiments are consistent with those
determined by Gorelkinskii et ah. from an analysis of
ESR data. The ESR signals have been attributed to neu-
tral H in a BC site. The results of our calculations in Fig.
3 indicate that atomic hydrogen behaves as a negative-U
(U,s„„„———0.05 eV) center. As the Fermi level in-
creases, the stable charge state of H changes from posi-
tive to negative while the neutral charged state remains
unstable. This result is also consistent with other calcula-
tions. ' However, it should be noted that in a small re-
gion of energy near midgap the existence of stable neutral
H cannot be excluded within the accuracy of our calcula-
tions because of the small value of U.

B. Diatomic hydrogen complex

Hydrogen clusters in Si may be generalized by H„
where n ~ 2 denotes the number of hydrogens in the clus-
ter. ' Because H is a monovalent atom, the most favor-
able configuration in clusters is the H2 molecule in which
a direct bond between the 1s orbitals lowers the energy.
Although clusters with n )2 are not ruled out, the lowest
energy per H is not expected to be lower than that in an
H2 molecule. Recent findings of H-induced microdefects

in P-doped Si represent an example of giant-sized clus-
ters, however, the atomic structure and energetics of
formation of these clusters are not as yet resolved. In the
following we focus on diatomic complexes for simplicity.

The hydrogen molecule is an electronically inactive
species which is not easily accessible to experimental
tests. The existence of the hydrogen molecule was
demonstrated in voids of amorphous Si (Ref. 45) and in
B-doped crystalline Si.' ' However, experimental deter-
minations of the bond length and interstitial position of
H2 in crystalline Si are not yet available. We find the Td
site [see Fig. 2(a)] to be the most stable position for Hz,
consistent with other theoretical results. ' ' Our calcu-
lated bond distance of about 0.85 A is close to that of the
hydrogen molecule in vacuum. The binding energy is cal-
culated to be about 3.8 eV for molecular orientations
along either the [111]or the [001]axes. The H2 molecule
in Si is calculated to be about 1.6 eV more stable than
two dissociated interstitial neutral atomic hydrogens.

We have considered. other diatomic-complex
configurations shown in Fig. 2. For the complex in Fig.
2(b), the hydrogen atoms are at neighboring BC sites
aligned along the same crystalline direction. The elonga-
tion of Si—H—Si bonds shown in Fig. 2(b) was suggested
to be the source of H-induced platelets observed in n-type
materials. In the second complex shown in Fig. 2(c) the
two hydrogen atoms occupy split-off sites of a BC posi-
tion. We find the energies of these configurations to be
1.8 —2.2 eV higher than that of an H2 molecule.

The other class of diatomic complexes we have exam-
ined are those in which the two hydrogen atoms occupy
low and high charge-density sites. The low-density sites
are positioned along the channel going through the Td
and Hex sites while the high density channel crosses the
BC and C sites. Such a diatomic complex is found to be
most stable when the two hydrogen atoms occupy a BC
and a neighboring Td site aligned along the [111]axis as
shown in Fig. 2(d). In the following we refer to this com-
plex by H2. A complex similar to H2 has also been re-
cently suggested as a result of theoretical studies on H in
diamond clusters. The results of our calculations show
that each H atom in the H2 complex is strongly bonded
to its adjacent Si atom causing large relaxations at these
atoms. The bond-centered hydrogen in Fig. 2(d) pushes
the Si& atom by 0.24 A towards the antibonding region
while the Si&& atom bonded to the tetrahedrally positioned

0
H atom moves away from its ideal position by 0.79 A to-
wards the interstitial site, ending up approximately in the
plane of its three neighboring Si atoms. The relaxations
have C3„symmetry and change the hybridizations of the
Si—Si bonding orbitals on the Si& and Si&& atoms from sp
to sp . Although these rehybridizations are usually un-
stable in Si, a reduction in energy resulting from the
bonding of the two interstitial hydrogens with the SiI and
Si&& atoms is sufficient to stabilize the geometry of H2.
The H2 complex is found to be metastable with respect to
molecular hydrogen formation at the Td site (see Fig. 3).
In diamond, however, it was shown that the H2 molecule
dissociates into a diatomic complex similar to our H2
since the sp hybridization in C is more stable than in
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H +H —+H++H (3)

Si. We note that if the combination of each Si-H pair in
Hz is considered to be approximately equivalent to that
of an As atom, the bond-breaking configuration for H2 is
similar to that for the metastable As-antisite defect (or
the DX center ) in GaAs.

It should be pointed out that the diatomic complexes
considered here are ESR inactive and these results are
consistent with the experimental failure to detect any
ESR signal from H in Si. In both the molecular and
metastable H2 complexes, the electrons of the H atoms
are paired with their energies lying in the valence bands.
The diatomic complex shown in Fig. 2(b), would lead to
an ESR signal if it were not an unstable configuration. If
atomic hydrogen were stable in undoped Si, a strong ESR
signal would be expected since it would then occur in
large numbers in the neutral and spin active state. This is
because the negative- U reaction

(b)

+js

H

H

is weakly (0.05 eV) exothermic; therefore a temperature-
dependent ESR signal would be expected. However, such
an effect has not been experimentally observed.

FICx. 4. The (a) BC and (b) AB positions of an interstitia1 H
atom interacting with a substitutional 8 atom are shown.

C. Dopant-hydrogen complexes

It is well known that hydrogen exposed to doped Si
passivates group-III acceptors as well as group-V donors
by neutralizing their electrical activities. ' ' In these
cases, the carrier concentration decreases whereas the
Hall mobility increases as a result of the reduction in the
density of charged scattering centers. The electrical ac-
tivity is usually recovered, however, upon annealing
above 150'C.

A suggestive model for hydrogen passivation is that a
defect-hydrogen complex is created, making the defects
electronically inactive. As the temperature increases, the
defect-hydrogen complex dissociates and this leads to
electrical reactivation. The idea of complex formation in
hydrogen passivation has been supported by many experi-
mental results, e.g., the detection of H-associated vibra-
tional frequencies, '" ' the position of interstitial deu-
terium from ion-channeling experiments, ' the disap-
pearance of acceptor-bound excitons, and the increase
of the Hall mobility after hydrogenation in p-type Si.
Similar experiments such as the detection of H-associated
vibrational frequencies and an increase of the Hall mo-
bility with hydrogenation have also been reported in n-

type Si.
In B-doped Si, two atomic models for the 8-H complex

have been proposed: the bond-center-site model in Fig.
4(a) by Pankove et al. and DeLeo and Fowler and the
antibonding-site geometry in Fig. 4(b) by Assali and
Leite. In our recent calculations, ' the BC model for
the interstitial H atom was found to be most stable in the
vicinity of a substitutional 8 impurity, consistent with
the previous theoretical results. For a stable 8-H com-
plex, the binding energy is calculated to be 2.5 eV (see
Fig. 3) with the use of an 18-atom unit cell. This energy
is consistent with that obtained from the smaller eight-
atom unit cell. ' Because the binding energy for the 8-H
complex is larger than that of an interstitial H resulting

8 +H+~(8H) (4)

and the reaction is calculated to be exothermic by 0.65
eV.

We compare the binding energy of a 8-H complex with
those for diatomic complexes in Table I. In 8-doped Si,
the 8-H pair is 0.6 eV and 0.8 eV per H atom more stable
than for H2 and H2 complexes, respectively. However,
2H+ is morp stable than H2 and its energy is close to that
of H2. The 8-H complex formation process is likely to
occur during hydrogen diffusion at moderate tempera-
tures. If the hydrogen concentration exceeds the 8 con-
centration, the excess hydrogen atoms would be either in
the form of neutral atoms or diatomic complexes. How-
ever, if the 8-H complex dissociates as the temperature
increases, the formation of H+ or H2 will be more favor-
able than H2 because the energy of 2H+ is lower than

The linear Si-H-8 chain shown in Fig. 4(a) is found to
be easily bent by moving the H atom off axis along the
[110] and [112] directions normal to the Il 1 1) Si—8
bond axis. For displacements as large as 0.3 A, the ener-
gy is lowered by less than 0.01 eV. Recent experiments
by Stavola et al. * and by Herrero and Stutzman indi-
cate that the H atom may be stable off the Si-8 axis. The
energy varies slowly with the H motion perpendicular to
the Si—8 bond, and the small activation energy of 0.15
eV is found from one BC site to another in the 8-H com-
plex. The maximum energy in this motion occurs at an
intermediate C site. This result is in good agreement
with recent experimental and theoretical results.

from the reaction in Eq. (1), in which H+ is far from a
8 acceptor, the neutral 8-H pair formation is energeti-
cally more favorable than compensation. Dopant neu-
tralization proceeds, therefore, by complex formation:
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In P-doped Si, using a semiempirical tight-binding
method, Johnson et a$. proposed a structural model for
the donor-H complex in which the H atom is located at
the antibonding site of a Si atom bonded to substitutional
P. Our previous ab initio pseudopotential calculations '

showed similar results, i.e., that the energy for H is
minimum near a Td site of a Si atom adjacent to the sub-
stitutional P as shown in Fig. 5. A recent uniaxial stress
study by Bergman et al. ' has provided further support
for the antibonding model for the donor-H complex.
However, detailed information on the exact atomic posi-
tion is not yet available. Using a larger 18-atom cell, we
have calculated a binding energy of 2.0 eV for a P-H pair,
which is consistent with our previous results. ' Although
negatively charged H coming from the reaction in Eq. (2)
is the most stable form of atomic H in n-type Si as shown
in Fig. 3, it is unstable with respect to P-H complex for-
mation, since the reaction

I++H-~(HP)o (S)

IV. HYDROGEN DIFFUSION IN Si

In this section, we discuss the hydrogen-diffusion mode
and its dependence on temperature, hydrogen concentra-
tion, and type of dopant. At very high temperatures of
around 1000 C, it has been accepted that hydrogen
diffuses mostly in atomic form and is highly mobile with
diffusion coefficients of 10 —10 cm /sec. Similar
diffusivities at T) 1000 C were also calculated in a re-
cent molecular dynamics study for H+ diffusion in Si.
Moreover, there is evidence for the existence of the atom-
ic diffusion mode even at room temperature in B-doped Si
with very low hydrogen concentrations of 10' cm

Within the hydrogen deep-donor model, ' ' hydro-

Si

FIG. 5. The stable position of an interstitial H atom interact-
ing with a substitutional P atom is shown.

is exothermic by 0.45 eV.
In contrast to p-type Si, the dopant-H complex in n-

type Si competes with the formation of H2 and H2. The
binding energy for the P-H complex is found to be larger
by only 0.1 and 0.3 eV per H atom as compared to H2
and H2 (see Table I). Therefore, the H atom binds less
strongly to the substitutional P atom than to the B atom.
If the P-H complexes dissociate either into interstitial H
atoms or into an H2 molecule, the dissociation energy of
a P-H pair is smaller than that of a B-H complex. This
result provides an explanation for why donor passivation
is either not observed ' or is less effective than acceptor
passivation. '

gen diffuses as a positively charged unit. The existence of
H+ has been supported by the observations of the
electric-field dependent diffusion at moderate tempera-
tures only in p-type Si. ' ' ' However, the measured
diffusivity was shown to be reduced by several orders of
magnitude as compared to the high-temperature
diffusivity data, and the activation energy of E, =0.85
eV is higher than the value of E, =0.45 eV measured at
elevated temperatures. Furthermore, since the measured
activation energy at moderate temperatures is much
higher than the recently calculated values of 0. 1 —0.3 eV
for the H+ and H species, ' ' the atomic diffusion
mode by itself cannot be fitted to the data at these tem-
peratures. A molecular hydrogen-diffusion mode cannot
explain the diffusivity data either because molecular hy-
drogen has a large binding energy and a high diffusion
barrier of 2—3 eV." An upper limit for the difFusion
coefficient of H2 was suggested to be 10 ' cm /sec at
350 'C. ' ' To explain the reduced diffusivity at
moderate temperatures, it has been speculated that hy-
drogen diffuses by being trapped and detrapped via the
formation and dissociation of molecular and defect-
hydrogen complexes. However, a quantitative descrip-
tion has not been successfully obtained when molecular
formation is taken into account. '

Here we discuss a new diffusion mode which involves
diatomic complexes. A brief description of diatomic
complex diffusion was given in Ref. 27. We choose dia-
tomic complex configurations as in Fig. 2(d) in which the
hydrogen atoms occupy regions of high and low electron-
ic charge densities. The other diatomic complexes in Fig.
2 are not likely during hydrogen diffusion because H2 is
highly immobile by itself and the energies of the com-
plexes in Figs. 2(b) and 2(c) are very high. The high-
density channel labeled as path I in Fig. 6 is defined by
BC(1), C(l), BC(2), C(2), BC(3), C(3), BC(4), etc. , and
has large relaxations of neighboring Si atoms. Such a
diffusion path actually crosses the points close to the C
sites and the hydrogen behaves as a donor becoming posi-
tively charged. Therefore, path I is almost identical to
the one previously suggested for atomic H+. ' On the
other hand, the negatively charged species moves along
the low-density channel labeled as path II, which crosses
Td(1), Hex(1), Td(1)', Hex(2), Td(2), etc., because of the
negative-U behavior for H in the presence of H+ at any
location of path I. One exceptional case is the
configuration Hz shown in Fig. 2(d) in which both the as-
sociated H atoms become neutral. This is caused by a
large relaxation of the Si» atom towards H and by a re-
sulting charge transfer from Si» to the H+ ion bonded to
the Si, atom. A regeneration of charged diffusing species
occurs if the linear geometry of H2 is no longer main-
tained. When the H atom initially occupying a BC site
moves to the neighboring C site then following path I, the
ionized Si» atom relaxes back to its original position and
forms a normal Si—Si bond, thereby making the H atom
go into a positively charged state.

For the diatomic complex diffusion, it is generally
necessary to consider the motions of the two hydrogen
atoms simultaneously. However, in order to reduce the
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FIG. 6. Possible diffusion paths are marked by arrows for (a)
the H+ and (b) H species. Relaxation effects are neglected.
Paths I, I', and II are drawn by dashed, dotted, and dotted-
dashed lines, respectively.

computational effort, we examine here the motion of one
H atom of the complex at a time keeping the position of
its counterpart fixed. In Fig. 7, we show the variation of
the binding energies for the H+ and H diffusions along
paths I and II, respectively. With the metastable H2
complex as the starting configuration for the diffusion,
the first step is to consider the migration of the H+ ion at
the BC(1) site. Since this atom has to overcome a 0.8-eV
energy barrier, which is the largest barrier for the
diffusion of the complex, to migrate to the neighboring
C(1) site, the hydrogen atoms of the complex should be
"self-trapped" by H2 formation prior to the start of
dift'usion. Following the C(1) site, there are two possible
diffusion paths for H+ labeled I and I' where the path I'
is connected by C(1), Q(1), C(1)', Q(2), C(3), etc. , and
the C' site lies on the plane perpendicular to a (110) plane
with the same symmetry as C (see Fig. 1). The Q(1) and

Q (2) sites are in antibonding regions of BC(3) and BC(2),
respectively, and these points are separated by 0.25 A
from the neighboring Td sites. The diffusion path I is
more or less parallel to the zig-zag chain of Si—Si bonds.

For H+ difFusion from the C(1) to the C(3) site, the
migration paths I and I' are symmetric about the inter-
mediate C(2) and C(1)' positions, respectively, as shown
in Fig. 7. We find that the maximum energies occur at
the BC(2) and BC(3) sites along path I while path I' has
energy maxima at the Q (1) and Q (2) sites. Since the en-

ergy barrier of path I is lower by 0.2 eV than that of path
I', hydrogen is likely to diffuse along the low-energy
channel. On the other hand, the maximum energies
along path I' are similar to those for two isolated neutral
hydrogen (2H ), therefore, the difFusing diatomic complex
is likely to dissociate into atomic hydrogens at the peak
positions.

Each diffusion path for the H+ species is found to have
a local minimum energy at the corresponding intermedi-
ate C site. However, the energy at the C(2) site on path I
is lower by 0.3 eV than that at the C(1)' position, which
is similar to those at the C(1) and C(3) positions. At the
C(2) site, however, there is a high probability that the di-
atornic complex can transform into molecular hydrogen
because of the proximity of the two H atoms in the com-
plex. The nuclear separation between the H+ and H
ions occupying the C(2) and Td(1) positions is about 1.5
A, respectively. The H2 molecule is easily formed by
displacing the complex 0.54 A along the [001] direction
and by reducing the separation between H+ and H to
0.85 A. Molecular formation at the empty Td(1) site fur-
ther increases the binding energy of the diatomic com-
plex by 0.9 eV as shown in Fig. 7. Since the energy of an
H2 molecule is lower by 0.4 eV than for H2, molecular
formation provides an even deeper trap for the diatomic
complex diffusion.

To consider the next diffusion step of the H atom, the
H+ ion, after becoming either detrapped from an Hz mol-
ecule at the Td(1) site, or if it has avoided molecular for-
mation, after having migrated along path I', is assumed
to remain fixed at the C(3) position. Since the C(1) and
C(3) sites are symmetric with respect to the Td(1) posi-
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tion, their energies are the same. The H species is not
expected to migrate to the neighboring C(2) and then to
the BC(3) site because the diatomic complex formed dur-
ing this diff'usion is similar to that in Fig. 2(c), and thus
has a high diffusion barrier. The most probable migra-
tion route of H is along path II going through the
tetrahedral and hexagonal sites. The H diffusion path is
similar to path I' for H+; however, the total-energy vari-
ation along path II is only 0.15 eV, which is much small-
er than that for H+ diffusion. As compared to paths I
and I', the maximum energy barrier is found to be lower
by 0.2—0.4 eV, respectively. Moreover, there are no
traps along path II, therefore H should be more
diffusive than the H+ unit of the diatomic complex.

In our diatomic complex difFusion mode, the hydrogen
atoms migrate via a zig-zag motion in which the H+ and
H ions repeat paths I (or I') and II, respectively. As
compared to the neutral atomic H in its most stable posi-
tion, the energies of the complex are generally lower as
shown in Fig. 7 because of the interactions between the H
atoms in the complex. The interactions between H+ and
H are significant along paths I and II because their
atomic separations of 0.85—2. 5 A are smaller. Along
path I', however, the interactions becomes weak, particu-
larly at the maximum energy positions Q (1) and Q (2)
which are separated by about 4.5 A from the Td(1) site,
resulting in the likely dissociation of the complex. The
calculated activation energy for the diffusion of a diatom-
ic 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 en-
ergy for diatomic complex diffusion is higher and its
diffusivity is lower than that for atomic hydrogen. How-
ever, its activation energy is lower than that for H2
diffusion.

We now discuss the inAuence of temperature, hydrogen
concentration, and dopant on hydrogen diffusion. At
very high temperatures, the atomic diffusion mode is
highly likely because diatomic hydrogen complexes as
well as the dopant-hydrogen pairs tend to dissociate. If
the atomic diffusion mode dominates, the diffusing unit
consists of atomic H+ in p-type Si and H in n-type Si at
high hydrogen concentrations as discussed earlier. Since
the probability at diatomic complex formation increases
with the density of H atoms, the possibility of atomic hy-
drogen diffusion at very low hydrogen concentrations
cannot be excluded. Indeed, this suggestion is consistent
with the observation of a rapidly diffusing unit at room
temperatures in 8-doped Si with a low H concentration. '

However, in n-type Si, because the metastable H2 com-
plex is more stable than H (see Fig. 3), the diatomic
diffusion modes is more likely to occur than the atomic
one. This result is in good agreement with the recent ob-
servation that diffusion in n-type Si involves more than
just an atomic hydrogen species, and some type of hydro-
gen complex was inferred. ' Our results further suggest
that if the atomic diffusion mode would exist in n-type Si,
the hydrogen concentration has to be extremely low as in
Ref. 10.

At moderate temperatures, the difFusing hydrogens can

H +H —+H2+e (8)

and

H +H ~H2 +2e (9)

in n-type Si. Here, the reaction involving two neutral hy-
drogen atoms is not considered because its energetics is
independent of the type of dopant. From Fig. 3, only the
reactions (8) and (9) are exothermic, thereby H2 forma-
tion is more likely to occur in n- than in p-type Si. These
results lead to the conclusion that the diatomic diffusion
mode is more probable in n-type Si, and provide an ex-
planation for the lower probability of atomic hydrogen
diffusion in n- than in p-type Si. In addition, since the di-
atomic complex has a higher activation energy and can
be easily trapped by Hz and H2 formation, its diffusivity
in n-type Si is expected to be much lower than atomic hy-
drogen in p-type Si. In p-type Si, the diffusion mode is
suggested to be atomic when either the 8-H and H2 com-
plexes dissociate (at high temperatures, for example), or
when the 8 and H concentrations are low enough to re-
sult in fewer numbers of these complexes.

U. SUMMARY

We have calculated the energies for various
configurations of interstitial hydrogen in Si using a first-
principles pseudopotential method. Monatomic hydro-
gen is predicted to behave as a weak negative-U center,
leading to a temperature-dependent ESR signal from H
in undoped Si. However, the stability of diatomic hydro-
gen complexes may provide an explanation for the failure
to detect an ESR signal. We have discussed the effects of
temperature, hydrogen concentration, and dopant on hy-
drogen diffusion. At very high temperatures, the
diffusion mode is predominantly through an atomic
species, assuming that diatomic hydrogen and dopant-
hydrogen complexes dissociate. Even at low tempera-
tures, if the hydrogen concentration is sufficiently low so
that the formation of hydrogen complexes is avoided, the

be trapped via the formation of dopant-hydrogen pairs or
H2 and H2 units as shown in Fig. 3. The formation of Hz
complexes is more likely in n-type Si where molecular
formation is energetically favorable and the energy bar-
rier of 1.0 eV from H2 to H2 is not too high. The smaller
2 eV binding energy per H for a P-H pair [as compared to
the 2.5 eV (per H) energy for a B-H pair in p-type Si] is
not appreciably larger than the H2 formation energy of
1.8 eV per H in n-type Si and H2 formation competes,
therefore, with dopant-H pair formation. Moreover, the
formation of an H2 complex can occur via the pairing of
charged hydrogen atoms resulting from compensation by
free carriers through the following reactions:

H'+H+ H,*+h

and

H++H+ ~H2 +2h

in p-type Si, and



11 652 K. J. CHANG AND D. J. CHADI

atomic diffusion mode is likely to occur, especially in p-
type Si. However, the diffusion mode in n-type Si is sug-
gested to be of a diatomic complex nature in which the H
atoms occupy regions of high and low electronic charge
densities. In contrast to the atomic diffusion mode, the
activation energy is higher and the diffusivity is lower for
the diatomic complex diffusion. These results provide,
therefore, a better framework for understanding the
differences in the diffusivity of hydrogen between n- and
p-type Si. Atomic H is more diffusive in n-type than in

'L

p-type Si than previous models dealing with purely atom-
ic or molecular hydrogen diffusion have indicated. Fu-
ture molecular dynamics studies should provide a more
complete picture of hydrogen diffusion in Si.
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