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The relative stabilities of hydrogen at (or near) the tetrahedral interstitial and bond-centered sites
as well as that of hydrogen dimers in the molecular and bond-centered—antibonding configurations
are calculated at the ab initio level in molecular clusters for c-C, Si, Ge, and a-Sn. The trends show
that the lowest-energy configurations change as one goes down the Periodic Table. The relative
stability of the possible equilibrium sites affects which charge states of H are likely to be realized
in a given host. This in turn affects the diffusion properties of H and its interactions with dopants
and other defect centers. The trends in equilibrium geometries and relative stabilities show that
silicon is a particular case among group IV hosts in which both isolated interstitials and both dimer
states are close to each other in energy. We also examine some properties of two charge states
of molecular hydrogen in Si in order to determine the key features of their electron paramagnetic

resonance spectra.

I. INTRODUCTION
A. Hydrogen in semiconductors

Interest in the properties of hydrogen in semiconduc-
tors is due to its ability to interact with a wide range
of defects and impurities, which profoundly affects the
electrical and optical properties of the crystal.l»? Hydro-
gen activates® normally inactive impurities, passivates
shallow acceptors* and donors,® removes from the gap
the deep levels associated with dangling bonds®” and
some transition metal impurities,® and even catalyzes the
diffusion® of (at least) interstitial O in Si. Similar prop-
erties of hydrogen are observed in a number of elemental
and compound semiconductors.

The efficiency of the reactions also depends on the dif-
fusivity of H and the capture radius of H by a given defect
center. The diffusivity of H is a function of temperature,
but not simply via the usual e~ Fa/*8T term (where E, is
an activation energy). Indeed, the trapping of H at a va-
riety of sites may occur at lower temperatures, resulting
in trap-limited diffusion. The diffusivity also depends on
the state of hydrogen present in the sample: Its lowest-
energy site and charge state if it is isolated, or the type of
dimer (or larger aggregate) it forms in the particular crys-
tal at hand. The capture radius of H by a defect center
varies from very large (r. ~ 50 A) if the defect and hy-
drogen are oppositely charged, to quite small (r. < 5 A)
when one or both are neutral. Again, the charge state of
the defect and of H is a function of temperature, and/or
band-gap light illumination. All these factors make it
very difficult to measure the diffusivity of hydrogen in
Si, except at very high temperatures when trapping does
not occur and Fermi level effects become unimportant.
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As will be discussed below, in defect- and impurity-free
elemental semiconductors, hydrogen can be found in at
least four configurations. Isolated, it is at a relaxed bond-
centered (BC) site or at (or near) a tetrahedral interstitial
(T') site. Paired, it forms a molecule at (or near) a T site
or a “bond-centered-antibonding” complex. These cen-
ters are labeled Hpc, Hr, HY, and H}, respectively. The
isolated BC species exists in the 0 and +1 charge states,
and interstitial H at the T site is neutral or negatively
charged. The configurations are shown in Fig. 1. We do
not consider here larger aggregates.

B. Experimental information

For many years, experimental information about iso-
lated H in 1¢-C, Si, and Ge was only available from
studies of muonium, a light pseudoisotope of hydrogen
with mass m, ~ m,/9. Early muon spin rotation (uSR)
studies!® have shown that, in general, two paramagnetic
and at least one nonparamagnetic center form in elemen-
tal semiconductors. These defect centers are (i) Normal
muonium or Mu2., which has an isotropic hyperfine (hf)
tensor, and corresponds to atomiclike muonium either at
the T site or rapidly diffusing among sites of lower sym-
metry in a way that averages out the interactions to Ty
symmetry; (ii) Anomalous muonium or Mu®, which has
a highly anisotropic hf tensor (with trigonal symmetry),
and corresponds to muonium forming a bridged bond at
a BC site. This is a three-center two-electron bond simi-
lar to the hydrogen bridged bonds in diborane. The odd
electron does not participate in the bonding. It resides
in a nonbonding orbital primarily localized on the two
nearest neighbors (NN’s) to the muon. Finally, (iii) non-
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paramagnetic muonium has been originally labeled “u*”
and, more recently, “diamagnetic muonium.” A number
of centers can contribute to this signal. The most im-
portant ones are Mug,; and Muy. The latter should not
be denoted p* and neither is diamagnetic because Mugo
has no electron and Mu; has presumably two electrons
in an s state and is at best very weakly diamagnetic. We
will therefore use the “nonparamagnetic” label or specify
explicitly which center is being discussed. At low temper-
atures and in high-resistivity material, the overwhelming
majority of muons form a paramagnetic center. In di-
amond, less than 8% of the incoming muons contribute
to the nonparamagnetic signal at low temperatures, and
almost none at high temperature (up to 1000 K).

(a) (b)
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FIG. 1. The four possible H-related centers in defect- and
impurity-free elemental semiconductors are (a) hydrogen at
(or near) the T site (Hr), (b) hydrogen at the relaxed BC site
(Hpc), (c) the hydrogen molecule near the T site (HZ), and
(d) the bond-centered-antibonding pair (H3). The host atoms
(open circles) are shown in the {110} plane. The dashed cir-
cles are perfect lattice sites and the small full circles are the
H atoms. The center of the small triangle (hexagon) is the
tetrahedral (hexagonal) site. The relaxations of the NN’s to
the defect center and the bond lengths are quantitatively cor-
rect in the case of Si, and at least qualitatively correct for the
other hosts considered here. The distances r;, i = 1,...,9
have been optimized at the ab initio level and are given in
Sec. II for the four hosts.
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Recent IR absorption, electron paramagnetic reso-
nance (EPR), and new uSR studies have clarified the
picture by providing information on the possible states
of hydrogen in various hosts under various conditions.
These studies look at H itself rather than, indirectly,
at a consequence of the presence of hydrogen such as
a change in the electrical activity of a specific impurity.
The IR absorption study! is the identification of the H}
defect in high-resistivity (n-type) Si. This defect, shown
in Fig. 1(d), has been elusive since its existence was first
postulated in diamond!? and silicon.®'* However, the
two stretching and two wagging modes have now been
clearly identified and calculated,!! including the various
possible D substitutions. Uniaxial stress measurements
confirm the C3, symmetry of the defect, and all four IR
lines anneal out together around 200 °C.

The EPR studies include two hydrogen-related defects,
both in Si. The first, the identification of H}s, was first
reported!® in 1987 (the AA9 center) and has now been
confirmed.!® The defect appears at low temperatures in
illuminated samples, and anneals out around 200 K. The
muonium analog (MuQ) has been observed'® in ¢-C, Si,
and Ge. Once scaled by the ratio of the muon to pro-
ton magnetic moments, the hf tensors of AA9 and Mu.
match very well. The (0/+) level for H}. obtained by
deep-level transient spectroscopy (DLTS) is 0.164(11) eV
below the conduction band, which is consistent with the
annealing behavior of the corresponding EPR center.

Second is the reported EPR observation!? of what
could be a charge state of HI, in Si as well. The charge
state is assumed to be —1 and the symmetry axis is (111).
However, as noted by the authors, the spectrum is more
complicated than would be expected from an isolated H;
molecule in the perfect lattice, and there is a good possi-
bility that the defect observed is part of a larger complex.

The most recent uSR studies are measurements of the
total fraction of the nonparamagnetic species in Si as a
function of the temperature and dopant concentration [rf-
uSR (Ref. 18)]. A preliminary interpretation of the data
was published recently.'® A more complete data analysis
will soon be published.?® The results can be summarized
as follows. In high-resistivity Si, the nonparamagnetic
fraction is almost zero at low temperatures, but abruptly
increases around 140 K. This jump is too sharp to be
described by a change of site, and must be assigned to a
purely electronic process. It is caused by the ionization of
Mu.. Modeling of this process places the Mugc (+/0)
level at 0.22 eV below the conduction band. Note that
this ionization energy is similar to that obtained from the
DLTS and EPR data discussed above. At higher tem-
peratures (starting around 260 K), a slower but steady
increase in the intensity of the nonparamagnetic signal
is assigned to the MuJ —Mu} transition, immediately
followed by the ionization of the latter. The intensity
of the nonparamagnetic signal peaks around 380 K, af-
ter which it rapidly drops to zero. This drop is inter-
preted as follows. At higher temperatures, the BC site
becomes unstable, Mug,, is kicked out by phonons, jumps
to the T site where it must capture one electron, and
becomes MuJ. (or captures two electrons and becomes
Muy). Above 400 K, rapid site change and charge ex-
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change processes take place on a submicrosecond time
scale, making it difficult to obtain a rf signal. However,
longitudinal-field uSR experiments?! above 450 K clearly
show that the rapidly relaxing species is Mu., not Mu3.

C. Theoretical predictions

Over the past 20 years, theoretical studies of hydro-
gen and hydrogen dimers in elemental semiconductors
have been performed by several groups, at various levels
of theory. The major breakthrough occurred with the
proposal,?? followed by the theoretical confirmation by
two independent groups, that the most stable site for in-
terstitial hydrogen in diamond?3:24 and silicon?%2 is the
relaxed BC site. Prior to that, only the T-site species
was known to exist and except for Mu}., the uSR centers
were not properly identified. Together with their charge
states, the T and BC species can most likely account for
all the observations of hydrogenlike interstitials in semi-
conductors.

In diamond, the relaxed BC site is substantially lower
in energy (about 2 eV) than the T site.23:24:2672% The ac-
tivation energy?:3° for T-site to T-site hopping (over the
hexagonal interstitial site) is high (~ 2.5 eV in Ref. 29),
suggesting that Hy does not diffuse along this path, ex-
cept at very high temperatures. A high barrier also
needs to be overcome for the T-site species to reach the
more stable BC site,?® a result consistent with the ob-
served thermally induced Mu} — MuQ transition near
400 K. A recent semiempirical®! study of neutral H
in diamond finds only the BC site to be stable, and
a diffusion mechanism involving direct BC-to-BC dif-
fusion is proposed. At the transition point, the three
host atoms involved in two adjacent BC sites are sub-
stantially displaced, and their NN’s relax as well. The
calculated activation energy for this process is 1.9 eV,
a number lower than that for the direct T-to-T site dif-
fusion, but still high enough to be consistent with the
observed anisotropy of the Mu% hf tensor in diamond.
Note that the effective mass for the direct BC-to-BC site
diffusion process is large since, in addition to the motion
of hydrogen (or muonium), several host atoms must be
substantially displaced.

The SR datal® in diamond show that, at low temper-
atures, about 70% of the muons form the Mu% center,
23% the Mu%C center, and the rest contributes to the
nonparamagnetic signal. As the temperature is increased
(data were taken up to 1000 K), a transition from the T'
to the BC site is observed, but the hf tensor of Mu3,
remains strongly anisotropic. This indicates that Mu} o
does not diffuse up to at least 1000 K (this would reduce
the anisotropy of the hf tensor). Further, the fact that
virtually all the incoming muons form paramagnetic cen-
ters implies that no charge states of interstitial hydrogen
form in diamond, i.e., that the ionization energy of Mu3,
is quite large. However, since no data are available in p-
type diamond, the existence of a species such as Mugc,
resulting from hole capture, cannot be ruled out.

In silicon, the potential energy surface for neutral in-
terstitial H is much more flat than it is in diamond. As
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a result, the total energy differences are small and the
calculated results are sensitive to the details of the ap-
proximations involved. Many theorists agree24:25:32735
that neutral interstitial H is more stable as H}., and
that HY. is metastable. However, the T site is found to
be stable and the BC site metastable in Ref. 13, and
no metastability is found in Refs. 36 and 37. The lat-
ter result may be related to the fact that all the atoms
in the supercell used were allowed to relax completely
for all positions of H, thus eliminating the T-to-BC bar-
rier. A full spin-density-functional (DF) calculation3® in
the same supercell but without lattice relaxation predicts
the correct spin distribution when compared to the uSR
measurements for Mu}. On the other hand, HF cal-
culations always predict a higher Fermi contact density
than experimentally observed. The Mu} —MuQ. tran-
sition observed®2? in Si indicates that neutral muonium
is metastable and that the stable site is the BC site. The
diffusion of HY. is predicted?:2° to occur along a T-to-T
site path, with activation energy smaller than 0.59 eV.
An alternative mechanism, proposed in Ref. 36, involves
direct BC-to-BC diffusion via the mechanism described
above in the case of ¢-C. The small barrier found for
this diffusion (less than 0.2 eV) is inconsistent with the
large anisotropy of the hyperfine tensors of the AA9 and
M3 centers, which is possible only if H§ is not mo-
bile. Note that the linewidth of Mu% implies a rapidly
diffusing (~ 10'*s™~!) impurity even at low temperatures.

As concerning the charge states of H in Si, there is gen-
eral consensus that H* exists as Hi in p-type Si and,
above its ionization temperature, in high-resistivity Si.
This state was first identified by positron channeling3®
and the site is consistent with the rf-uSR data.®2° There
is no consensus, however, regarding the abundance and
stability of H~ which is H7 although there remains lit-
tle doubt about its existence. It was predicted3:3¢ that
H is a (weak) negative-U center in Si, i.e., that the re-
action H°+H® -»H*+H~ is weakly exothermic. Direct
experimental evidence for H™ is lacking, although there
is indirect evidence® for H™ in n-type material.

Finally, there is consensus among theorists that both
the HI and H} dimers are stable in Si. However, it is not
clear which is the preferred state, even in high-resistivity
material. Some authors!®4! find that HJ is lower in en-
ergy than H3, but the opposite is predicted by others.42:43
There is also disagreement regarding the bond length and
orientation of HY, as well as the diffusion properties of
H3. If H primarily exists in a charge state in a given
sample, for example, Hi in p-type Si, one would expect
a low probability of dimer formation, as equally charged
interstitials would remain far away from each other. We
also note that charged states of HY or Hj are very un-
likely. The +1 charge state would have a very weak H—H
or Si~-H bond, as would the —1 charge state, since the
extra electron would have to populate an antibonding
orbital.

In germanium, there are fewer experimental data
and fewer theoretical predictions. A semiempirical
calculation** was performed in a large molecular clus-
ter at the CNDO level (CNDO denotes complete neglect
of diatomic overlap). Since CNDO is heavily approxi-
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mated, the results should be considered qualitative. Fur-
ther, this study did not include the BC site as a possible
configuration. The results show that HC is rapidly dif-
fusing along (111) directions with an activation energy of
0.17 eV. The lowest-energy site is off the T site, in an
antibonding (AB) configuration. A configuration for H*
is found off the T site along a (01) direction. Molecule
formation at the T site is preferred by 2.5 eV per atom
over isolated H®. The predicted H—H bond length of HY
is 0.73 A and its barrier for diffusion is 0.73 eV.

Two recent and higher-level calculations predict very
different behaviors for H in Ge. A first-principles DF
study*® in periodic supercells finds that H{ is the only
stable state in p-type Ge, while H is the only stable
state in intrinsic and n-type Ge. In contrast, ab initio
Hartree-Fock (HFZ studies with large basis sets in molec-
ular clusters*3:4:47 provide a very different picture. Neu-
tral H is metastable in Ge. However, in contrast to c-C
and Si, HY}. is slightly more stable than H}.. This im-
plies that the BC site is much less populated in Ge than in
the lighter elemental semiconductors, since reaching the
BC site requires substantially stretching a Ge—Ge bond,
which creates a barrier between the T and BC sites. The
metastability of the BC site implies that H* is uncom-
mon in Ge, since it is a BC species. Further, since H}
is a necessary precursor for H} formation, the H} state
should dominate.

D. H (or Mu) in ¢-C vs Si vs Ge

Theoretical predictions are sensitive to the details of
the calculations whenever energy differences between var-
ious states are small, and various authors may differ as to
what “small” means. Thus, although H is difficult to ob-
serve directly in semiconductors for a variety of reasons,
one must rely on the available data to determine what is
really going on. The most important common features
and differences in the observed behavior of H in c-C, Si,
and Ge are as follows.

(i) pSR data.'®1%2° In diamond, most of the incom-
ing muons form the paramagnetic centers Mu} (about
55%) and Mu (about 40%), the rest (less than 8%)
form the nonparamagnetic species. A thermally induced
Mu% —+Muf transition (in the range 350 —450 K) shows
that the BC site is the more stable. It also shows that
there is a barrier between the 7' and BC sites. At high
temperatures (up to 1000 K), only MuQ is seen. In
high-resistivity silicon and at low temperatures, Mu%.,
Mu$., and a nonparamagnetic signal coexist, the most
abundant one (near 50%) being Mu}. A Mu} —Mulo
transition has been seen in irradiated samples. Recent rf-
#SR data show that MuQ ionizes to form Mugc around
140 K, then, in the range ~ 200 — 300 K, Mu$} hops to
the BC site, where it ionizes as well. Just below 400 K,
the muon begins to hop rapidly between the Mug, the
Mu%,, and possibly the Mur. states. These reactions oc-
cur in times shorter than the 2 us characteristic of uSR
studies. In germanium, no Mu} —MuQ transition is
seen. Above 200 K, the nonparamagnetic fraction in Ge
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is substantially lower than in Si.

(ii) Passivation of acceptors.! In diamond, we are
aware of no reports of H passivation of the B acceptor.4®
Theory predicts?® that {H,B} pair should form, but be
oriented along a (100) direction. In silicon, acceptor pas-
sivation is extremely efficient and rather easy to achieve,
suggesting a long-ranged H* B~ attraction. In ger-
manium, however, we are aware of only one report®® of
successful passivation of B in Ge, other attempts having
shown no passivation. This argues against an abundance
of H* in p-type Ge.

(iii) Passivation of donors.! Diamond cannot be made
n type. In silicon, shallow donors can be passivated by
H. Again, pair formation is responsible for the passiva-
tion, but the process is less efficient than in the case of
acceptors, and donor-liydrogen pairs break up at lower
temperatures than the acceptor-hydrogen pairs. In ger-
manium, donor passivation has never been accomplished.
This could be due to the rarity of negatively charged H in
the sample and/or to the instability of a donor-hydrogen
pair at room temperature.

(iv) Thermal effusion.® After exposing doped Si and
Ge samples to a D plasma (temperature Ty,;) for 20 h, the
total incorporated D and its bonding state were charac-
terized by the thermal effusion technique. Among other
results related to the thermal stability of various configu-
rations of D in the crystals, the data show that the total
amount of D extracted increases with Tp, in the case of
Si but decreases with T}, in the case of Ge.

Thus there are qualitative differences in the behavior of
H as one goes down the Periodic Table. Diamond, Si, Ge,
and a-Sn crystallize in the diamond lattice, with bond
lengths 1.544, 2.352, 2.450, and 2.810 A, respectively.
The hydrogen chemistry of these elements is very simi-
lar. The bond strengths with H are 4.54 (for H—CHj),
3.92 (for H-SiH3), 3.60 (for H—GeHs), and 3.20 eV [for
H—Sn(n—C4Hs)3]. Note that although the numbers for
Si and Ge are very close to each other in these compar-
isons (as they are when using many other parameters),
there are striking differences in the way H interacts with
these crystals and with defects in these crystals.

E. Content of this paper

In the present paper we contribute to this discussion
in the following ways. First, we present the results of ab
initio and approximate ab initio calculations on the equi-
librium configurations of isolated H and of H dimers in
the four group IV elemental semiconductors ¢-C, Si, Ge,
and a-Sn. We pursued our calculations down to Sn, but
not because it is an important semiconductor. In fact,
its gap is zero and it is better classified as a semimetal.
We did so because we want to push the study of trends
as far down the Periodic Table as possible, and plot total
energy differences vs lattice constant from the smallest
to the largest possible values of ar. Second, we show
that a very simple reason may explain the experimen-
tally observed differences in the behavior of H in Si and
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Ge: The relative stability of the T" and BC sites is dif-
ferent in the two hosts. This change of relative stability
as one goes down the Periodic Table affects not only the
diffusion properties of H, but more importantly its charge
states, hence the range of its interactions with dopants.
Third, we correlate our results to experimental findings,
predict the configurations of H in elemental semiconduc-
tors, and examine the factors which influence its behav-
ior. Section IT describes the results, and the discussion is
in Sec. III.

Our calculations were performed at the ab initio HF
level with split-valence basis sets on all the atoms and po-
larization functions on selected atoms.2 Ab initio pseu-
dopotentials were used to remove the core orbitals from
the calculations. In the cases of Ge and a-Sn, the
appropriate relativistic corrections were included. We
repeated the H calculations in ¢-C and Si with the
method of partial retention of diatomic differential over-
lap (PRDDO).?3:5¢ The latter calculations are more ap-
proximate, but do provide excellent geometries and allow
us to perform systematic calculations in clusters much
larger than are tractable at the ab initio level. We
used open-shell [unrestricted HF(UHF)] wave functions
for isolated H and closed-shell [restricted HF(RHF)] wave
functions for H dimers. We repeated several of the RHF
calculations at the UHF level to verify that the type of
wave function does not affect the result. The transforma-
tion from RHF to UHF is accomplished by adding free
atomic H to the system (far outside the cluster) in order
to generate a spin 1/2 total wave function. These tech-
niques and their application to defects in semiconductors
have recently been reviewed.5°

In all the ab initio calculations, the host crystals are
represented by a molecular cluster containing 14 host
atoms and constructed in such a way that both the T
and BC sites have two complete host atom shells around
them. The PRDDO calculations were done in the same
cluster as well as in clusters containing 44 host atoms,
in order to monitor possible cluster size effects. Except
for second NN relaxations which lower?® the energies by a
few tenths of an eV, these effects are not important in the
present calculations, which focus on total energy differ-
ences between local minima of the potential surface. Ex-
tensive studies of cluster size effects®®:57 for both isolated
H and H-containing complexes have shown that even our
smaller cluster describes many properties of the defects
quite accurately. The same conclusion was reached by
performing PRDDO calculations in the small cluster and
comparing the results to those obtained in the 44 host
atom cluster.

In the small cluster, only the first NN’s to Hgc and Hj
were optimized. This compensates to some extent the ne-
glect of second NN relaxations. In the cases of Hr and
HZ, no lattice relaxation was included. We know from
earlier studies that lattice relaxation around HI (breath-
ing mode) affects the total energy by an amount com-
parable to second NN contributions in bound structures
such as H3. All the ab initio geometry optimizations were
performed using gradient-based routines, thus guarantee-
ing convergence only toward true minima of the potential
surface.
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II. RESULTS
A. Isolated hydrogen

Figure 2 shows the relative energies of H% and H3; in
elemental semiconductors. The figure shows that in dia-
mond, HY is substantially lower in energy than H%. In
fact, some authors3! find only the BC site to be a min-
imum, probably because T is so much higher in energy.
As discussed above, this ordering of the T and BC sites
is implied experimentally from SR studies. In Si, we
find the BC site to be lower in energy than the T site,
but only by a small amount. In Ge, the order is reversed,
and this trend is confirmed in the case of a-Sn. This re-
versal has profound consequences, which are discussed in
Sec. III.

The calculated geometries (distances ry, 72, and rj3
shown in Fig. 1) are given in Table I. The table also
contains the energies of the various sites relative to Hfre®
outside the cluster. Note that we always find that it costs
energy to put HT®® at the T or BC sites in any elemen-
tal semiconductors. The exact amount of energy involved
depends on the level of the calculation and on the amount
of lattice relaxation allowed around a given site. How-
ever, this result conflicts with recent prediction obtained
at the DF level®® which finds a gain in energy. This dis-
crepancy is apparently not due to a uniform shift in the
energy scale, as the DF result®® for the binding energy of
H at a dangling bond coincides with the value obtained
at the HF level.>®

One can understand the trend in relative energies
shown in Fig. 2 as follows. The stability of the T site in-
creases with the lattice constant simply because a larger
volume is available. Hf®¢ is more stable than H in a
cage, and the smaller the cage, the higher the energy of
the atom, unless it binds to the cage. We always find
a node in the wave function of HY. between the proton
and its NN’s. The stability of the BC site appears to de-
pend essentially on two factors. The first is the amount
of lattice relaxation that can be accomplished. In free
radicals, bridged bonds involving H have bond lengths
somewhat (typically 15%) longer than the corresponding
single (two-electron) bonds. As can be seen in Table I, H
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FIG. 2. Energy difference E(H%)-E(H3¢) for c-C, Si, Ge,
and a-Sn vs the lattice constant. In diamond and silicon, the
BC site is stable and the T site metastable for neutral H. The
reverse is true for germanium and tin.
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TABLE I. Geometries of the H} and H3 interstitials in
elemental semiconductors. The distances labeled r; through
r3, defined in Fig. 1, are in A. The energy differences are in
eV. Note that it costs energy to insert free atomic hydrogen
into the various hosts. No lattice relaxation was included for
HY, i.e., r1 is equal to the host-host bond length. Only first
NN’s were relaxed in the case of H3g. These results are from
large basis set ab initio HF calculations.

c-C Si Ge a-Sn

1 1.545 2.385 2.483 2.829

T2 0.326 0.383 0.404 0.434

rs 1.098 1.576 1.645 1.848
E(HYc) — E(HF*) 5.10 1.44 1.20 0.78

E(HY) — E(H3G) +2.69 +0.45 —0.20 —0.27

can barely squeeze into the BC site in diamond, with a
C—H bond length in the bridged bond equal to that of a
perfect two-electron bond. The host crystal is too rigid
to allow for more relaxation. In Si, Ge, and a-Sn, the
softer crystals and longer lattice constants allow virtu-
ally optimum relaxation to take place. This accounts for
most of the stabilization of the BC site as one goes from
diamond to Si and below. The stability of the BC site
only moderately increases with the lattice constant from
Si to a-Sn and this added stability is partly offset by a
decrease in the host-H bond strength. This is the second
factor: The bond strengths of group IV elements with H
tend to decrease as one goes down the Periodic Table, as
noted in Sec. ID, above. Thus the energy of the BC site
does not vary much from Si to a-Sn while that of the T
site decreases. The two curves cross between Si and Ge.

B. Hydrogen dimers

Figure 3 shows the calculated relative energies of HZ
and Hj in elemental semiconductors. In the case of di-
amond, the H} complex is clearly favored, as there is
simply too little room for a HI molecule in the crystal.
As the lattice constant increases, the volume available
at the T site increases as well, and molecular hydrogen
becomes more favorable. Our calculations predict that

I T I
—~ Si
RE AR Pl i
;5 il a-Sn ]
& v
| 0 :
& ) .
= 4= @ - ]
= ! c-C e
-2 | | |
3 A4 s M) s A 7

ar, (A)

FIG. 3. Energy difference E(HZ) — E(H3) for c-C, Si, Ge,
and a-Sn vs the lattice constant. In diamond the H3 config-
uration is much more stable than the molecular state. In the
other three hosts, the molecule is more stable.

17 023

already in Si, HY is slightly more stable than H}, and
the trend continues in Ge and a-Sn. We emphasize here
that the Si result is too close to call. If second NN relax-
ations are allowed, the H} configuration will be stabilized
more than HJ. Thus we believe that both dimers are
nearly energetically degenerate in Si. Various authors
published contradictory predictions on the relative sta-
bility of both configurations in Si, but all find them to
be rather close in energy. DF calculations have H lower
than H} by 0.46 eV in Ref. 13, 0.27 eV in Ref. 37, and
0.2 eV in Ref. 41. On the other hand, semiempirical HF
favors Hj over HJ by 0.49 eV in Ref. 14 while PRDDO
calculations in much larger clusters favor it by 0.82 eV.
Note that the latter calculation includes second NN re-
laxations which stabilize H} more than HI. As will be
discussed in Sec. III, a more important factor in the rel-
ative abundance of both species is the availability of the
precursor of Hj, namely, Hpc.

The stability of H clearly increases with the lattice
constant. At first, that of H} increases with az as well
because the necessary lattice distortion (see Fig. 1) is eas-
ier to accomplish. However, as was the case for Hy, the
host-H bonds get weaker as one goes down the Periodic
Table, which ultimately offsets the increased ease with
which the lattice can be relaxed.

The calculated geometries (distances r4 through rg¢ in
Fig. 1) are given in Table II. The table also contains the
energies of the various sites relative to Hif*® and the rela-
tive energy of HY and Hj. Again, it always costs energy
to force a hydrogen molecule into the crystal. Note that
we find the H—H bond length in HI to be shorter in the
semiconductor than it is for Hf*®. This result contrasts
with DF predictions3®4! that this bond length increases
in Si by about 10% relative to Hi¢. As one would expect,
our H—H bond length increases with the lattice constant,
slowly converging toward the free molecule value.

In silicon, we find that HY is very close to the T site,
oriented along the (111) direction (the detailed geometry
is shown in Fig. 1 and Table I). However, it is an almost
free rotator and other orientations, such as the (100) pro-
posed in Refs. 36 and 41, are less than 0.1 eV higher in

TABLE II. Geometries of the HZ and Hj dimers in ele-
mental semiconductors. The distances labeled r4 through 79,
defined in Fig. 1, are in A. The H—H bond length in HJ
(parameter r5) is shorter than that of Hiee (0.731 A at the
present level of theory). The energy differences are in eV.
Note that it costs energy to insert a free hydrogen molecule
into the various hosts. No lattice relaxation was included for
HY, and first NN’s were relaxed in the case of H3. These
results are from large basis set ab initio HF calculations.

c-C Si Ge a-Sn
T4 1.296 2.080 2.187 2.535
s 0.613 0.704 0.707 0.717
re 0.239 0.253 0.236 0.261
7 0.503 0.755 0.791 0.833
) 0.973 1.441 1.500 1.697
e 0.974 1.474 1.558 1.758
EHY) — E(HE) 12.88 2.39 1.98 1.08
E(HT) - E(H3) +2.23 —0.34 —0.85 -1.22
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energy. The calculated barrier for diffusion of HZ in Si
is 1.74 eV at the ab initio level. Such a high activation
energy is consistent with the numbers published by other
authors: 1.1 eV in Ref. 37, 2.7 eV in Ref. 60, 0.95 eV in
Ref. 61. We also calculated the dissociation energy of Hj
into two HY interstitials. At the PRDDO level, which
tends to overestimate dissociation energies, we obtained
3.8 eV. This number is higher, but not always by much,
than the values of other authors: 3.1 eV in Ref. 41, 2+0.5
eV in Ref. 36, and only 1.6 eV in Ref. 13.

We also examined the possibility that Hj diffuses as a
pair. Instead, we found that it breaks up into H%.+H%
(or, depending on the type of sample, into a combina-
tion such as H3+H{, + e™). Since H}. is highly mobile,
the pair then dissociates, and we found no mechanism
that would involve the simultaneous motion of both H
atoms. This does not preclude the subsequent formation
of another H} species, involving the same or different H
interstitials. This result does not conflict with an earlier
examination!® of the diffusion properties of H}, where
only one atom at a time was allowed to move.

Finally, we note that the relative abundance of H and
H3 in a given sample depends on both the type and his-
tory of the sample, since precursors must be available for
dimers to form. In p-type and intrinsic Si, uSR data!®-2°
show both H} and H} interstitials coexist up to about
room temperature. Thus, the reactions H3+H3, —H}
and H3+H$ —HT will result in the formation of both
types of dimers. However, if Hi, dominates (at higher
temperatures or in more heavily doped material), the
formation of new dimers is prevented not only by the
Coulomb repulsion between positively charged species
but also by the lack of the electrons needed to form two-
electron bonds. In n-type Si, the BC site appears to
be less stable, from both recent uSR evidence!?2° and
theoretical predictions.!336 This would prevent the for-
mation of H}. The only type of dimer left is HZ, which
results from the interaction of two HY. interstitials. If Hy,
dominates, dimer formation becomes less likely not only
because of the Coulomb repulsion between Hr species,
but also because the bond index of (HY)~ is only half
that of (HI)O.

C. H and Hj in Si

Because of the recent report of an EPR signal'? that
could be interpreted as that of a spin 1/2 state of HY in
Si, we have investigated the configurations and properties
of HI" and HY ~ in Si. The EPR results are consistent
with H; or HJ oriented along a (111) direction, but cen-
tered at the hexagonal interstitial (H) site. The authors
suggested that the signal may not have originated from
an isolated molecule, but could be part of some larger
defect complex. A puzzling feature of the EPR spectrum
is that the g factor of the defect is identical to that of the
P, center. Our calculations rule out the isolated molecule
interpretation.

We optimized the geometry of Hy*/%/~ at the T and
H sites in a small cluster (at the ab initio HF level) and
in a large cluster (at the PRDDO level). The results can
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be summarized as follows. (i) At the T site, H] and
HY are locally identical, i.e., the removal of an electron
from HY does not change significantly the bond length,
Mulliken charge, or degree of bonding of the molecule.
Much of the electron comes off the Si neighbors to the
T site, but the ionization energy of HS is much too large
for the electron to come off the molecule itself. Further,
if such a HJ actually occurs in heavily doped p-type ma-
terial, it should not give an EPR spectrum similar to the
one observed. (ii) At the T site, adding an electron to
the system results in about 20% of that electron actu-
ally going into the antibonding orbital of H,: The bond
length increases by about 10%, and the degree of bonding
drops by about the same percentage. In free space, Hy
would have its degree of bonding decreased by exactly
50% relative to HY. Again, this state would be EPR ac-
tive, but the spectrum would not have the characteristics
observed. (iii) The H site is higher in energy for all three
charge states: Hy is 1.13 eV higher than at the T site,
and HY 1.74 eV, as mentioned in the preceding section.
As for H;, it breaks up at the H site: its bond length
more than doubles to 1.5 A, and its degree of bonding
drops from 0.82 (T site) to 0.07 (H site). Although this
is a paramagnetic state involving two H atoms, it is not a
“molecule” in the usual sense. Further, the energy of this
pair is some 0.7 eV higher than that of H; at the T site.
Our calculations therefore reinforce the suggestion'” that
the EPR spectrum is not caused by a charge state of an
isolated H, molecule in Si.

III. DISCUSSION

We have performed ab initio HF calculations of the
equilibrium geometries, electronic structures, and total
energies of interstitial H and H dimers in the bulk of
group IV semiconductors. The relative stabilities of Hy
and Hpc as well as HI and Hj} change as one goes down
the Periodic Table from ¢-C to a-Sn. Silicon is the ele-
ment in which the greatest diversity of sites (and there-
fore of charge states) is possible both for isolated H and
for dimers. As a result, the properties of H are far more
diverse in silicon than in the other elemental semiconduc-
tors. These properties include the possible charge states
(which greatly affect the capture radii of H by various
impurities and dopants), diffusion properties, and self-
trapping mechanisms.

In diamond, HY is much more stable than H}. How-
ever, both species coexist because of the large barrier
separating the T' and BC sites. There is theoretical (see,
e.g., Ref. 29) and experimental®? evidence for this bar-
rier. uSR studies,'® have shown that over 92% of incom-
ing muons form either Mu}. or Mu$. at low tempera-
tures, with no “u™” fraction at high temperatures (up to
1000 K). This implies that Mu does not ionize in that
temperature range, i.e., that its (0/+) level is fairly deep
below the conduction band. However, since no data were
taken in p-type diamond, the existence of a Muj} species
resulting from hole capture cannot be confirmed or ruled
out on the basis of the existing experimental evidence.
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Two mechanisms for the diffusion of hydrogen have
been proposed, and both involve a high activation energy.
First, the direct tetrahedral-hexagonal-tetrahedral inter-
stitial path for H., with E, < 2 eV (Ref. 29) and a direct
BC-to-BC path for H} with E, ~ 1.9 eV (Ref. 31). The
latter mechanism involves a substantial relaxation of sev-
eral host atoms. Since both activation energies are very
high, one does not expect to observe substantial diffusion
of H® in diamond. The uSR evidence is that Mu}. is im-
mobile at low temperatures (then, it converts to Mu3),
and that MuQ is immobile at the x s time scale up to at
least 1000 K, as shown by the persistent anisotropy of its
tensor. A species such as Hy is unlikely because n-type
diamond does not exist.

As concerning dimers, the molecular form HI is very
high in energy, and H} is much preferred. However, even
it should be uncommon because of the low diffusivity of
isolated hydrogen.

The case of silicon is much more complicated. First,
both the T and BC sites are occupied, each a priori
able to accommodate two charge states. This gives four
possible states for isolated hydrogen in Si: HYg, Hi,
HY, and H7. Further, both H} and Hj} can coexist.
As is discussed in Ref. 63, the various theorists in the
field disagree on many details. However, there is in-
creasingly convincing experimental evidence that, around
room temperature, a combination of H}, Hi, and H}.
coexist in intrinsic and p-type Si, while H3, H}, and Hy,
coexist in n-type Si. Recent uSR data demonstrate!®2°
that the stable state at low temperature is Mu} (prob-
ably Muz in heavily doped n-type Si).

The diffusion properties of the various states are also
the subject of debate. Our view is that direct BC-
to-BC diffusion only occurs at very high temperatures.
This is supported by the results of molecular dynamics
simulations®4%% and by the observed anisotropy of the hy-
perfine tensors of Mu3 and of the AA9 center, discussed
above. Thermally induced BC-to-BC hopping would re-
duce the anisotropy of this center, broaden the lines,
and end up producing a center with Ty symmetry. Even
though around room temperature H may spend most of
its time trapped as H;C, we believe that it diffuses mostly
as H}., which involves T-to-T site hopping with an acti-
vation energy?® of less than 0.5 eV. The presence of an
electric field, either external or caused by nearby accep-
tors, would initially push Hi, out of the BC site along
field lines, but the actual diffusion involves HY., until it
traps again as ch. This process, which involves contin-
uous changes in geometrical configurations and charge
states, is also consistent with the most recent interpreta-
tion of high-temperature uSR data.2°

As for the relative stability of the two dimer states,
theoretical predictions are author dependent, except for
the fact that both states are always predicted to be lo-
cal minima of the potential energy and are rather close
to each other in energy. Our calculations favor (slightly)
HT over Hj, but the formation probability of the lat-
ter depends mostly on the availability of the HY pre-
cursor. Since this state is most likely to dominate at
low temperatures in intrinsic and p-type Si, we predict
that Hj is much more abundant in this material. On the
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contrary, HI should dominate in n-type material and at
higher temperatures. This conclusion agrees with earlier
predictions.!3

In germanium, the T site for isolated hydrogen be-
comes more stable than the BC site. This reversal rel-
ative to Si has major consequences which we discussed
in detail in a recent paper.*” Because H must overcome
a barrier to reach the BC site and because this site has
a higher energy than the T site, we expect Hpc to be
much less abundant in Ge than in Si. This means not
only that H. is uncommon, but also that its ionized
version H{_ is uncommon as well. This prediction pro-
vides a simple explanation for the differences observed in
the uSR spectra between Si and Ge, and for the differ-
ences in the observed efficiency of acceptor passivation.
In Si, the very high efficiency of the passivation reaction
is believed to be due to the Coulomb attraction between a
negatively charged acceptor and H*. In Ge, there would
be no (or very little) H*, and acceptor passivation is very
hard to achieve because the capture radius of H® by B~
is small.

Another consequence of the low stability of the BC
site in Ge is the low concentration of precursors for H}
formation. Further, our calculations show that HY is the
more stable dimer. Thus we predict that nearly immobile
molecules are the dominant form of H dimers in Ge. As
discussed in Ref. 47, this conclusion provides a simple
explanation for the differences in the thermal effusion
data®! reported between Si and Ge.

Thus the properties of H are much simpler in Ge than
in Si. The dominant isolated species in HY., which rapidly
hops from T to T site via the Lhexagonal interstitial site.
It is possible that H; also exists in n-type Ge. The ab-
sence of donor passivation could be explained either by
a low formation probability or ionization energy of this
species, or by the low stability of the resulting hydrogen-
acceptor pair.

The case of a-Sn was included here only to pursue the
study of trends as far down the Periodic Table as pos-
sible. a-Sn crystallizes in the diamond lattice with the
longest lattice constant of the elements considered here.
It also forms the weakest bond with H, but has otherwise
a qualitatively similar chemistry. Our results illustrate
that the BC site for interstitial H becomes increasingly
unstable as one goes down from diamond to tin, and that
both T-site species (Hr and HY) are the only ones to be
expected. However, because of its metallic characteris-
tics, the formation of paramagnetic muonium (or hydro-
gen) is prevented by overscreening by the free electrons
present.%¢
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