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The interactions between interstitial H and substitutional B, C, and Si in crystalline silicon and
germanium are studied in molecular clusters at the ab initio Hartree-Fock level with large basis
sets. The energetics, electronic structures, and relative stabilities of these pairs are determined. Our
results show that the {H,B} pair is virtually identical in Si and Ge. Substitutional C is a strong
trap for interstitial H in the two hosts. There are two trigonal, nearly energetically degenerate, and
electrically active configurations of the electrically neutral {H,C} pair in each host. Substitutional
Si in Ge is a weak trap for H. There are four configurations with trigonal symmetry of the {H,Si}
pair in Ge within some 0.25 eV of each other. Two of these are electrically active with H covalently
bound to the Si or to a Ge atom. The other two have H near tetrahedral interstitial sites. The {H,Si}
pairs are much less stable than the {H,C} ones, and the reasons for this difference are discussed.

I. INTRODUCTION

The phenomenon of hydrogen passivation of electri-
cally active centers in semiconductors has received a great
deal of attention in the past ten years.! 3 Experimen-
tal and theoretical studies have provided much insight,
in particular regarding the passivation of shallow accep-
tors and donors in crystalline Si. These results are often
the basis for the interpretation of experimental data in
other hosts, such as compound semiconductors. Much
less effort has been devoted to the study of hydrogen
interactions in germanium. However, high-purity germa-
nium was the first semiconductor in which hydrogen was
observed to alter the electrical activity of impurities.*®
In Ge, hydrogen activates the normally inactive iso-
valent substitutional C and Si impurities, forming the
A(H,C) and A(H,Si) shallow acceptors. Their existence
was detected in ultrapure Ge with photothermal ioniza-
tion spectroscopy (PTIS),® a technique sensitive to very
low defect concentrations. The lowest concentrations of
H and C or Si in Ge necessary to observe acceptor for-
mation are of the order of 10 cm~—3, but only a small
fraction of the total number of C or Si impurities actually
forms the acceptor complexes.

These experimental studies? 8 have established that C
or Si bind H, that the complexes are insensitive to ap-
plied stress, and that A(H,C) is stable up to 200 °C while
A(H,Si) dissociates readily at room temperature. The
interpretation of the early optical spectra was consistent
with the H interstitial being located at a site with Ty sym-
metry, i.e., at the tetrahedral interstitial (T") site. This
led to a tunneling model”>® which explained some features
of the data. The subsequent empirical calculations!®!
of the electronic structures of these complexes did not in-
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clude the evaluation of potential energy surfaces (PES’s).
More recent experiments!? have shown that H is at a site
with Cs, symmetry, implying that H is bound at either
an antibonding (AB) or a bond-centered (BC) site very
near C or Si.

A density-functional calculation!® of the PES for vari-
ous charge states of the {H,Si} pair in Ge has concluded
that H is near the BC site in the 0 and +1 charge states,
and AB to Si, 0.2 A from the T site, in the —1 charge
state. In each case, the calculated binding energies of H
are very small, ranging from 0.02 to 0.05 eV. A recent
study by us'* has shown that the PES for the neutral
{H,Si} pair in Ge has four local minima. In the lowest-
energy configuration, hydrogen is AB to the Si atom. The
BC configuration is some 0.25 eV higher in energy, higher
in fact than two configurations where H is not bound.

This formation of the shallow A(H,C) acceptor has
been observed in Ge only, although a neutral complex
such as {H,C} could in principle be formed and be elec-
trically active in Si as well. There is experimental evi-
dence that H does form a pair with C, at least in n-type
Si. The electrically charged {H,C}* pair!®!6 was found
to have a deep donor level at E, — 0.16 eV.

In addition to the activation of C and Si, hydrogen
also passivates electrically active centers such as shallow
dopants. In perfect Si, the lowest-energy site for HO is the
BC site (H*) with a metastable state at or near the T site
(H7).17-!8 In the BC configuration, the odd electron does
not participate in the bonding but is in a nonbonding
orbital primarily localized on the two nearest neighbors
(NN’s) to the proton. Thus, H* is easily ionized and
forms'® H* which is also at the BC site. The existence
of H* and its role in speeding up acceptor passivation in
Si are now generally accepted.!®
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Nearly 100% of substitutional single acceptors in Si
are easily passivated by H at room temperature. This
is probably due to the long-range Coulomb attraction
between H* and B~, resulting in the formation of the
{H,B}° complex. In Ge, the passivation of B by H is
very difficult to achieve.2® A priori, this could be due to
differences in the microscopic structure or the stability
of the {H,B} pair, or to a large difference in the capture
radius of H by B. Recent muon spin rotation?! and ther-
mal effusion?? data suggest that H* is less abundant in
Ge than in Si.

In the present work we report calculations of the en-
ergetics, electronic structures, and relative stabilities of
the neutral {H,B}, {H,C}, and {H,Si} pairs in Si and
Ge. For each pair, we studied all the possible configura-
tions with trigonal symmetry. In the case of the shallow
A(H,C) and A(H,Si) acceptors in Ge, we also optimized
the geometries in the negative (—1) charge state. Section
II contains a discussion of the method, and the results
for the {H,B}, {H,C}, and {H,Si} pairs in Si and Ge are
given in Secs. III, IV, and V, respectively. A discussion of
the results and of the key factors influencing the stability
of H-related pairs in Si and Ge is in Sec. VI.

II. THEORETICAL BACKGROUND

All the results presented below were obtained at the
ab initio Hartree-Fock (HF) level with split-valence basis
sets and polarization functions on selected atoms: The H
has two s and a set of p orbitals, while the C and Si atoms
located on the relevant trigonal axis have one orbital per
core orbital, two orbitals per valence orbital, and one set
of d’s. In the case of Si, all electron calculations were per-
formed. For Ge, model pseudopotentials?® were used for
the core orbitals, each valence orbital was described by
two orbitals, and an extra set of d functions was added.
The Ge core pseudopotentials include the necessary rel-
ativistic corrections. In selected cases, we also optimized
the geometries with minimal basis sets in order to study
the influence of basis-set size. These effects are included
in the discussions of the results wherever appropriate.

The geometries of all the configurations studied were
optimized using gradient-based techniques in order to ob-
tain the best possible equilibrium geometries. This ap-
proach guarantees convergence toward true minima of
the PES. The host crystals were represented by two clus-
ters: HXY7H;s and HXY73H4, where H is hydrogen, X
is substitutional B, C, or Si, and Y is the host atom (Si
or Ge). The hydrogen saturators (18 for the first clus-
ter and 24 for the second one) are used to tie up the
host atom dangling bonds at the surface of the clusters.
These saturators are located at energy-optimized Si—H
or Ge—H bond lengths (1.4878 A for Si and 1.5347 A
for Ge). These surface conditions have been extensively
studied?* and are known to minimize the influence of the
surface of the cluster on the calculated properties of lo-
calized defects.

The HXY7Hig cluster contains two host atom shells
around the BC site and the HXY73Ho4 cluster contains
both the BC and the T sites, each with two complete
host atoms shells around them. The use of larger clus-
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ters at this level of theory is computationally prohibitive
at the present time. However, a number of computa-
tional studies!™® of hydrogen-impurity pairs in Si have
shown that the equilibrium geometries, relative stabili-
ties, and electronic structures, are quite well described
in such clusters or in supercells of comparable size. The
calculated equilibrium bond lengths between host atoms
in the cluster with no impurity are 2.3854 A in Si and
2.4827 A in Ge, i.e., some 0.03 A longer than the experi-
mental values for crystalline Si (2.3512) and Ge (2.4508).

III. THE {H,B} PAIR

Hydrogen passivation of shallow acceptors in Si has
been extensively studied in recent years.! 3 As discussed
in the Introduction, H easily passivates virtually all the
substitutional B atoms in Si, while only a small fraction
(at best) of them is passivated in Ge. Further, when
formed, the {H,B} pairs are less stable in Ge than in Si:
All are completely dissociated?® around 100°C in Ge,
but survive up to some 180°C in Si. In order to deter-
mine the origin of these differences, we calculated the
equilibrium structure of the neutral {H,B} pair in both
hosts. We also determined the geometries and energies of
the metastable states, and considered several additional
points on the PES for H in the vicinity of B. These cal-
culations were done with closed-shell restricted Hartree-
Fock (RHF) wave functions, except for H distant from
B (two-spin system) where unrestricted wave functions
were used (see below).

The lowest-energy configurations of the {H,B} pair in
Si and Ge are shown in Fig. 1. In both hosts, H is near the
BC site, strongly bound to the host atom and only weakly
overlapping with the B atom. Within the constraints of
C3, symmetry, we found two other local minima of the
PES. Their energies relative to the stable configuration
(Fig. 1) are given in Table I. A detailed comparison be-
tween Si and Ge of the amount of displacement of each
atom in all three configurations shows very small differ-
ences. For example, in the BC configuration, Si moves by
0.162 A away from the perfect substitutional site, while
Ge moves by 0.159 A. There is also little difference in the
details of the electronic structures, as can be seen, e.g.,
in the bonding indices shown in Fig. 1.

In order to further compare the PES’s for H near sub-
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FIG. 1. Equilibrium configuration of the {H,B} pair in
Si and Ge. The bond lengths (in A) and bond indices (in
parentheses) are shown. The dashed circles show the location
of the perfect lattice sites.
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TABLE I. Relative energies of the various configuration
of the {H,B} pair in Si and Ge.

Energy (eV)

Configuration In Si In Ge
Si—H---B 0.00 0.00
Si---B—H 1.47 1.51
H-Si---B 1.83 1.75

stitutional B in Si and Ge, we calculated two other con-
figurations: H at the BC site between two host atoms
near B, and H at several T sites, again near B. For these
calculations, we used unrestricted wave functions in both
the singlet and the triplet states. The purpose of these
calculations was to check whether substantial differences
in the PES exist. Were it the case, we would have pur-
sued the matter using two open-shells ROHF (restricted
open-shell) wave functions. However, the numbers we
obtained were very close to each other, and the PES for
H near B in Ge is only slightly more flat than in Si. This
difference is far too small to explain the difference in the
formation rates of the {H,B} pairs.

Thus, once formed, the {H,B} pairs in Si and Ge are
very similar. The stable and metastable structures are
nearly identical (Fig. 1), and are separated by very sim-
ilar amounts of energy. The PES is somewhat flatter in
Ge than in Si, which is consistent with the debonding of
the pair occurring at a lower temperature in Ge than in
Si. However, the difference is much too small to explain
why shallow acceptors are so easy to passivate in Si and
so hard to passivate in Ge.

These results lead us to conclude that the explanation
lies in a large difference in the capture radius of hydrogen
by boron in the two hosts. In Si, the passivation results
mainly from the reaction B~+H* — {H,B}°, which is
characterized by a long-ranged Coulomb attraction be-
tween the two charged species. There is now convinc-
ing experimental evidence!® that at room temperature
in Si, hydrogen spends much of its time in the +1 charge
state. However, the stable site for H in Ge may well be
the T site, implying that H° dominates.?® Then, passi-
vation can only be accomplished via a reaction such as
B~ +H+h+ — {H,B}°, where h* is a hole. This hasa
much smaller, non-Coulombic, capture radius, and H has
to stumble almost “accidentally” upon B for passivation
to occur. Further, the presence in the subsurface layer
of a large concentration of rapidly diffusing H® species
at T sites—a condition realized in plasma treatments—
favors the formation of Hy molecules, thus hindering??
the penetration of atomic hydrogen into the bulk.

IV. THE {H,C} PAIR

Substitutional C is a common impurity in Si and Ge
crystals, especially those grown from a melt. In Ge, in-
terstitial H forms an electrically active complex with C,
the shallow A(H,C) acceptor.® This complex has Cs,
symmetry'? and is stable up to 200°C.
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We found two nearly energetically degenerate configu-
rations for the neutral {H,C} pair in Si and in Ge (Fig. 2).
The lowest-energy one corresponds to H near the BC site,
bound primarily to a host atom. The unpaired electron
resides almost entirely in a nonbonding orbital on the C
atom, which is nearly sp? hybridized. We compared this
configuration to the one with C at the perfect substitu-
tional site and H far outside the clusters. One gains 1.42
eV (in the case of Si) and 1.83 eV (in the case of Ge)
by forming the {H,C} pair with H near the BC site. By
comparison, at the same level of theory, it costs 1.44 eV
(for Si) and 1.20 eV (for Ge) to form the BC structures
Si—H-—Si and Ge—H—Ge, starting with H far outside a
cluster, without substitutional C. These numbers show
that substitutional C is a strong trap for interstitial H in
both hosts.

The metastable configuration of the {H,C} pair, also
shown in Fig. 2, corresponds to H antibonding to C,
which is now fourfold coordinated: Three sp? hybrids

{H,C} PAIR
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FIG. 2. The {H,C} pair has two nearly energetically de-
generate configurations in Si [(a) and (b)] and in Ge [(c) and
(d)]. The stable one has H near the BC site attached to a
host atom, with the odd electron in a nonbonding orbital on
C, and the metastable one has H antibonding to C and bound
to it, with the odd electron on a threefold-coordinated host
atom. The bond lengths (in A), bond indices (in parentheses),
and relative energies are shown. The atomic spin population
shows the location of the unpaired electron. All of these con-
figurations should be electrically active.
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with three host atoms and H attached to the remaining
2p, orbital. The host atom near C along the (111) axis
remains very near its ideal substitutional site and carries
most of the odd electron, again in a nonbonding orbital.

The first configuration (H near the BC site) is stabi-
lized by having the unpaired electron in a nonbonding
orbital on the most electronegative atom (C), while the
second configuration (H antibonding to C) is stabilized
by the formation of a C—H bond, which is stronger than
the Si—H or the Ge—H bond. That these two very dif-
ferent configurations are within a few hundredths of an
electron volt from each other is probably coincidental,
and we see no reason why a similar set of circumstances
should occur for other complexes, such as {H,Si} in Ge
(see below). However, our results imply that both con-
figurations should be realized with nearly the same prob-
ability. They are both electrically active.

Note that the {H,C}° pairs could either trap an extra
electron and form {H,C}~ or lose the odd electron and
become {H,C}*. We have no direct way of calculating
the relative energy of these species, and their formation
probability depends, among other factors, on the position
of the Fermi level. A change in the charge state may well
result in a change in the ground-state configuration of
the complex, as is documented,?” e.g., in the case of the
{H,P} pair in Si.

Because of the large lattice relaxation around the de-
fect, of the presence of an unpaired electron, and of a
threefold-coordinated C or Si (or Ge) atom, both {H,C}°
pairs are likely to trap a second hydrogen interstitial and
form {H,H,C}. The result, starting with any one of the
two configurations, is the same: One H near the BC site
bound to a host atom, the second AB to C and bound
to it (X—H.--C—H, with X=Si or Ge). This configu-
ration, very reminiscent of the H} complex proposed?®
for hydrogen dimers in Si, should be electrically (but not
optically) inactive. Theoretical investigations of {H,H,C}
are under way.

We also investigated the configuration where H is AB
to a host atom, and found it to be substantially higher
in energy: 0.94 eV in the case of Si, and 1.63 eV in the
case of Ge. The unbound configurations (H at the T site
near C or near a host atom at perfect substitutional sites)
are even higher in energy. Finally, in the negative (—1,
spin singlet) charge state, the configurations shown in
Figs. 2(b) and 2(d) are the most stabilized by the capture
of an additional electron and become the lowest-energy
states. However, the configurations in Figs. 2(a) and 2(c)
are only 0.05 eV (in the case of Si) and 0.19 eV (in the
case of Ge) higher in energy. Thus, both conformations
remain very close in energy and should coexist in both
charge states.

V. THE {H,Si} PAIR

The situation is quantitatively very different for the
neutral {H,Si} pair than for the {H,C} in Ge for three
reasons. First, the Si—H bond is weaker than the C—H
bond, and therefore the gain in energy resulting from the
capture of H is smaller. Second, the odd electron is not
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as stable in a nonbonding orbital on Si or Ge as it is on
C. Third, the Si—Ge bond length for substitutional Si in
Ge is very close to the Si—Ge one in molecules. This was
not the case for C (see Sec. VI).

Our calculations show that four configurations are very
close in energy. They are shown in Fig. 3. The most
stable one, 3(a), has H antibonding to Si, bound to it,
with the unpaired electron mostly localized on the Ge
atom. Then are two configurations [3(b) and 3(c)] with
the Si and all the host atoms very near their perfect sub-
stitutional site and H in a nonbonded configuration at
either one of the two T sites along a trigonal Ge—Si axis.
These two configurations do not result in activation. Fi-
nally, the BC configuration 3(d) is 0.27 eV above the
ground state. The energy is +0.64 eV when H is AB
to Ge (not shown). Note that our results conflict with a
density-functional calculation of the same complex: Den-
teneer, Van de Walle, and Pantelides!3 found our config-
uration 3(d) to be the stable one and they do not discuss
metastable states.

Thus, there is little incentive (0.08 eV) for H to form
an electrically active center with substitutional Si in Ge.
When it does, the resulting configuration is much less
stable than the {H,C} pair, in agreement with experi-
mental observations. Note that it costs 0.53 eV to bring

{H,Si} PAIR
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FIG. 3. The {H,Si} pair in Ge has four configurations
very close in energy. The lowest-energy (a) and the highest-
energy (d) ones are electrically active, but the intermediate
configurations [(b) and (c)] are not. The notation is the same
as the one used for Fig. 2.
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{H.CYin Ge {.c} in si {.si} in Ge TABLE II. Bond-length “mismatch” (see text) for isova-
2r lent substitutional impurities in Si and Ge. The ideal bond
L length is the one realized at equilibrium in molecules or radi-
1 L QUEEEEEES AB (Ge) cals. The bond length realized for the substitutional impurity
= T (S;C):%;Zéﬁg) corresponds to the host-host bond length (lattice relaxation
2, : He— o around the isolated substitutional impurity is neglected here).
4 AB(Ge) — 1 (si) — The mismatch in the case of C is very large, illustrating how
ik much energy is to be gained from relaxations upon the capture
AB (C) === g¢ of interstitial H.
op o Bond length (A)
Mismatch
FIG. 4. Energies of the various configurations of the Bond Optimal In the crystal (%)
{H,C} and {H,Si} pairs in Si and Ge relative to the BC con-
figuration in the perfect lattice, denoted H*. The zero of C—Ge 1.94 2.45 26
the energy corresponds to the cluster containing the substitu- C-Si 1.85 2.35 27
tional impurity at an unrelaxed site and atomic H far outside. Si—Ge 2.40 2.45 2
The configurations are AB(X) for H antibonding to atom X, Si—Si 2.35 2.35 0
Ge—Ge 2.35 2.45 0

BC for H near the bond-centered site, and T'(X) for H at or
near the T site located near atom X along the trigonal axis.
The lowest-energy configurations are shown in Figs. 2 and 3.

H from far outside the Ge cluster (containing substitu-
tional Si) and put it in the lowest-energy configuration
[Fig. 4(a)]. By comparison, at the same theoretical level,
one gains 1.83 €V by forming the analogous {H,C} pair
(see above), while it costs even more energy (1.44 eV) to
form the usual BC interstitial (H*) center in perfect Si,
which is the analogous of the {H,Si} pair in Si.

In the negative (—1, spin singlet) charge state, it is the
configuration shown in Fig. 3(a) which is the most stabi-
lized by the presence of the additional electron, and all
the other configurations end up several tenths of an elec-
tron volt higher in energy. Thus, only one configuration
survives the capture of an electron.

VI. DISCUSSION

We have calculated all the possible structures compat-
ible with trigonal symmetry for the {H,B}, {H,C}, and
{H,Si} pairs in Si and Ge. The electronic structures have
been obtained for the stable and metastable configura-
tions in the O charge state for {H,B} and in the 0 and —1
charge states for the other two pairs. The results can be
summarized as follows.

(i) {H,B} pair: The equilibrium structure of the
hydrogen-passivated B acceptor is virtually the same in
Si and Ge. The PES for H is only a little more flat
in Ge, which is consistent with the observed lower re-
activation temperature.?” Differences in the efficiency of
acceptor passivation are not related to the details of the
{H,B} pair, but most probably to differences in the cap-
ture radii of hydrogen by boron in Si and Ge, and/or
to the formation of Ho molecules near the surface of Ge
upon plasma exposure, thus preventing atomic H from
penetrating the sample.

(ii) {H,C} pair: Substitutional C is a strong trap for
H in both Si and Ge. The formation of the {H,C} pair is
preferred over the formation of H* in the perfect crystal
by 2.8 €V in the case of Si, and 3.0 eV in the case of Ge.

This will be further discussed below (iv). Two config-
urations of the {H,C}° pair coexist in each host. Both
are electrically active and should be traps for a second
hydrogen interstitial.

(iii) {H,Si} pair: Substitutional Si is a weak trap for H
in Ge. There are four configurations for the {H,Si}° pair
within 0.27 eV of each other. The lowest- and highest-
energy ones have H bound to the Si atom, and these
configurations should be electrically active. The two in-
termediate configurations have an atomiclike H near a
T site, and should be electrically inactive. It is possible
that the bound {H,Si}° pairs could trap a second H, but
the resulting gain in energy should be much less than in
the case of the {H,C}° pair.

(iv) Stability of {H,C} vs {H,Si}: Isovalent substitu-
tional impurities such as C or Si in Si and Ge are normally
not electrically active because all their valence electrons
play well-defined roles in the covalent bonding. All the
bonding orbitals are doubly occupied and lie rather low
in energy while the antibonding ones are empty and lie
rather high in energy. However, even though the host lat-
tice relaxes to accommodate for the presence of the sub-
stitutional impurity, the bond length of the four bonds
may be quite different from the optimal bond length re-
alized in molecules or radicals.

This bond-length “mismatch” is much larger in the
case of substitutional C than Si. Table II shows the opti-
mal bond length (for the molecule) and the bond length
actually realized (without lattice relaxation) for substi-
tutional C and Si in Si and Ge. The huge bond-length
mismatch in the case of C (more than 25%) is the main
reason for the large amount of energy gained from the
capture of interstitial H: this capture allows the C atom
to shorten three of its four bonds at a substantial gain
in energy. On the other hand, the bond-length mismatch
in the case of substitutional Si in Ge is very small, and
there is much less energy to be gained from the forma-
tion of the {H,Si} pair. In the case of the perfect lattice
(i-e., substitutional Si in Si or substitutional Ge in Ge),
the bond-length mismatch is zero and it costs energy to
insert H at the BC site.



The energy gain resulting from the formation of the
various complexes discussed above is shown in Fig. 4.
The zero of the energy corresponds to atomic H far out-
side the cluster containing the substitutional impurity.
The gain resulting from the formation of the {H,C} and
{H,Si} pairs in Si and Ge relative to H* is shown by ar-
rows.
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