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A variety of experiments have revealed several puzzling properties of hydrogen-impurity pairs. For
example, H atoms passivate the electrical activity of some impurities, whereas they induce electrical ac-
tivity in others; they appear to tunnel around some impurities but not around others. We report first-
principles pseudopotential-density-functional calculations for several hydrogen-impurity complexes and
unravel the origins and intricacies of the rich behavior of H bound to different substitutional impurities

in Si and Ge.

PACS numbers: 61.70.Bv, 66.30.Jt, 71.55.Ht

Over the years experimental observations have un-
veiled a very diverse role for hydrogen atoms in semicon-
ductors containing impurities. In virtually all cases, H
atoms are found to form pairs with substitutional impuri-
ties but their effect on electrical activity has been puz-
zling.'”7 In some cases, as for example substitutional
boron or phosphorus in Si, H passivates the electrical ac-
tivity of the impurity.*”7 In other cases, as for example
substitutional Si in Ge, H converts a normally inactive
impurity into a shallow acceptor.?3 Alternatively, this
amphoteric effect of H on the electrical activity of im-
purities can be described® by stating that sometimes the
complex behaves as a substitutional atom that lies one
column to the /eft of the impurity in the Periodic Table,
e.g., the (H,Si) complex in ultrapure Ge, whereas in oth-
er cases the complex behaves as a substitutional atom on
column to the right of the impurity in the Periodic
Table, e.g., the (H,B) complex in Si. Suggestions for the
origins of this unusual behavior have been made on the
basis of semiempirical calculations,® but the conclusions
were only tentative.

A second question that has been debated extensively
over the years is whether H is tunneling around the im-
purity as opposed to occupying a particular site close to
the impurity. For example, certain experimental evi-
dence led to the belief that H tunnels around Si and C in
Ge,? but subsequent experiments showed that a static
model with trigonal symmetry was more appropriate for
the acceptor complexes.3 In contrast, Muro and Sievers’
found evidence of tunneling hydrogen in the hydrogen-
beryllium acceptor complex in Si. The experimental
findings were satisfactorily accounted for by the dynamic
tunneling model of Ref. 2. On the other hand, there is
no evidence that H tunnels around Be in Ge. No
theoretical understanding of the conditions that favor
tunneling is available.

A third question that attracted considerable attention
is the specific atomic configuration of H-impurity pairs.
Most of the attention so far has focused on the (H,B)
pair in Si. A large number of theoretical calculations
has been reported contrasting the properties of only a
few configurations.'®"'> Though the configuration hav-

ing H in one of the four Si—B bonds is favored on the
basis of total-energy calculations, the results are not
definitive because no search has been made for the global
total-energy minimum with full relaxation of the host
crystal. Also, it is generally believed that the (H,Be)
complex in Si consists of an H atom tunneling around Be
between four equivalent antibonding (AB) sites on the
extension of Si—Be bonds. There is no experimental or
theoretical evidence, however, that establishes this over
other possible paths.

All of the above questions regarding the interaction of
H with substitutional impurities in semiconductors can
be addressed simultaneously by calculating the total-
energy surfaces for an H atom around each specific im-
purity and by a concomitant examination of the corre-
sponding energy levels in the energy gap. In this Letter
we report the results of such a study for three qualita-
tively different hydrogen-impurity complexes. The main
conclusions are as follows: Acceptor impurities such as
B or Be bind an H atom rather strongly at several
symmetrically equivalent sites in their immediate vicini-
ty. Barriers for H motion around the impurity between
such sites are small by comparison with the binding ener-
gy, so that motion around the impurity can occur either
thermally or quantum mechanically (tunneling), depend-
ing on subtle differences between the complexes. In con-
trast, isovalent impurities, such as Si in Ge, bind an H
atom very weakly, and the barrier for possible motion
around the impurity is significantly larger than the bind-
ing energy so that the resulting pairs are static. The
effect of H on the electrical activity of the impurity in
each case follows naturally from the bonding properties
of the complexes.

The calculations are carried out using the first-
principles pseudopotential-density-functional method.
The method is well documented ' and has been shown to
accurately reproduce and predict ground-state properties
of semiconductors. Its successful application to defects
and defect complexes is documented in Refs. 15-17. We
use periodically repeated supercells to describe the host
crystal (including the substitutional impurity) in which
H resides. In order to include all relevant relaxations of
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FIG. 1. Energy surface for an H atom in the (111) plane
through three bond-minima (BM) positions in Si:B;. The
plane does not contain atoms, but the unrelaxed lattice position
of the B atom is located just 0.4 A outside the plane in the
center of the red ring. The contours are color coded in three
different ranges for presentation purposes. For clarity, the sur-
face is cut off at an energy value of 0.05 eV, resulting in the
green plateaus. The zero of energy is chosen at the tetrahedral
interstitial site.

the host crystal for all of the H positions considered it is
necessary to use supercells of up to 32 atoms. ¥ We find
that most properties of the complexes are described ac-
curately when we use expansions of the wave functions in
plane waves with kinetic energy up to 12 Ry.'° In order
to calculate energy barriers with an accuracy of <0.1
eV, kinetic energy cutoffs of up to 20 Ry in 32-atom cells
are used. Two to four special k points (depending on the
symmetry of the H position) are used to integrate over
the first Brillouin zone of the 32-atom cell, which is
found to induce negligible error bars on calculated ener-
gy differences. Complete energy surfaces for an H atom
in the neighborhood of a substitutional impurity in either
Si or Ge are obtained by making use of the symmetry of
the host crystal. 18

The main result of our calculations is that both (H,B)
and (H,Be) in Si exhibit a low-energy shell around the
impurity, primarily going through sites close to the
center of a Si-impurity bond (bond minimum or BM
site) and sites labeled C (midway between any two of the
impurity’s nearest neighbors). The low-energy shell is
clearly visible as a ring in the total-energy surface for an
H atom in the (111) plane shown in Fig. 1. In the con-
tour plot of Fig. 2 for H in the (110) plane only half a
ring containing the BM and C sites is visible. The lower
part of Fig. 2 contains antibonding sites (4B), which are
clearly saddle points, another C site, and the tetrahedral
interstitial site (7;), which is a local maximum. The 4B

FIG. 2. Contour plot of the energy surface for an H atom in
the (110) plane in Si:B,. Big dots indicate (unrelaxed) atomic
positions; bonded atoms are connected by solid lines. The sub-
stitutional boron atom occupies the center of the plot. Posi-
tions of special interest are indicated (see text). Sites denoted
C and C' are equivalent if the B atom in the middle is replaced
by a Si atom. The unit of energy is eV and the spacing be-
tween contours is 0.25 eV. Close to the atoms contours are not
shown above an energy value of 0.05 eV. All relevant relaxa-
tions are taken into account to calculate total energies, but the
relaxations of the host-crystal atoms are not shown in the
figure because they are different for different positions of H.

site is 0.5 eV higher in energy than the BM site and can
only be mistaken for a minimum if only sites for H along
the (111) direction are considered.!' The result that the
AB site is a saddle point definitively rules out as the
stable site for H.

The energy surface for (H,Be) in Si is qualitatively
the same as for (H,B) in Si. In each case a low-energy
path through BM and C sites is available. In the case of
(H,B) the BM site is the global minimum with a site
close to C being the saddle point for motion of H,
whereas in the case of (H,Be) the roles of BM and C are
reversed. More specifically, for (H,B) the saddle point is
0.2 eV higher in energy than the BM site, whereas for
(H,Be) the Csite is 0.1 eV lower than the BM site. For
(H,Be) the AB site is 0.4 eV higher than the C site and
again a saddle point. In the lowest-energy (BM)
configuration for (H,B) the Si and B atoms closest to H
relax outward by the large amounts of 0.24 and 0.42 A,
respectively. Second-nearest-neighbor relaxations are
also significant in this configuration. In contrast, the
lowest-energy (C site) configuration for the (H,Be) com-
plex only involves a small relaxation of Be of 0.14 A
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away from H.

The BM configuration for (H,B) is in agreement with
a wealth of experimental observations, 20-23 although
sometimes a slightly off-axis position close to the bond
center is proposed for H.?> Also the majority of theoret-
ical calculations appear to agree now on a configuration
similar to the BM configuration.'®'>'3 Furthermore,
our calculated vibrational frequency of the H stretching
mode for the BM configuration of 1830+ 100 cm ~! is in
good agreement with the experimental value?! of 1903
cm ~!. Similar experimental information for the (H,Be)
complex is presently not available, but since all of the
features of the microscopic structure of the (H,B) com-
plex are in excellent agreement with experimental obser-
vations, we can be confident of our description of the
(H,Be) complex.

In contrast to the case of (H,B) and (H,Be) in Si,
where we find a low-energy region surrounding the im-
purity, in the case of (H,Si) in Ge the total-energy sur-
faces of H in various charge states are virtually identical
to the surfaces one obtains in the pure material without
low-energy regions restricted to the neighborhood of the
impurity.'® This is to be expected since Si and Ge are
very similar. For the three charge states considered
(positive, neutral, and negative) the global energy mini-
ma for H in Ge:Si, are the bond-centered site for H™
and H® and a site close to the T, site (displaced from
T, over 0.2 A toward Si) for H ™. Although Si and Ge
are very similar and one would not expect the isovalent
impurity Si in Ge to be able to bind H, the (H,Si) com-
plex in Ge has a positive binding energy.?* The binding
energies for the three minimum configurations turn out
to be very small, but consistently positive (i.e., the com-
plex is bound); we find E; =20, 28, and 52 meV for H™,
H° and H 7, respectively. Since barriers for movement
of H around the Si impurity are much larger than these
binding energies (e.g., for H ™ there is a saddle point for
possible motion of H at the hexagonal interstitial site
with a barrier of 0.35 eV), the H atom cannot move
around the Si impurity while still being bound. We will
return to the question of motion of H around impurities
later on in the paper.

Regarding the effect of the H atom on the electrical
activity of substitutional impurities, we arrive at the
surprising result that in all cases the H-impurity pair has
an energy level that is virtually identical to the level of
an H atom at the same site without the impurity.
Whether the impurity is deactivated or activated by H is
merely a consequence of the specific site that H occupies
near the impurity. In the case of B and Be, H is located
in the region close to the impurity (containing BM and C
sites). For such positions the H-related level occurs at
midgap.'® The electron of H drops in the empty accep-
tor level and reduces the activity of the impurity by one
unit: The (H,B) complex is completely inactive and the
(H,Be) complex is a single acceptor. For the (H,Si)
complex in Ge the influence of H on electrical activity
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depends on the Fermi-level position, since the Fermi-
level position determines which charge state and site are
favored. We find that for p-type Ge (Fermi level close to
the top of the valence bands) H™ is 0.2 eV lower in ener-
gy than H ™, which is 0.2 eV lower in energy than H°.
Therefore, in p-type Ge, H acts as a donor, just like in
p-type Si.'® As a consequence a (H,Si) complex in p-
type Ge would behave as a donor (this is, of course, a hy-
pothetic case since H would first pair with the acceptors
before pairing with isovalent Si impurities). In n-type
Ge, H ™ close to Ty, is the lowest-energy state. In ultra-
pure Ge, in which (H,Si) complexes have been observed,
the Fermi level is effectively located in the middle of the
gap. In that case, H™ close to 7, is the lowest-energy
state. For a position of H close to T; an H-related level
is found below the top of the valence bands. The level
will be doubly occupied leaving a hole in the top of the
valence band. Therefore, the (H,Si) complex with H
close to the T site acts as an acceptor in agreement with
the experimental observation in ultrapure Ge.?

We now turn to the question of motion of the H atom
in H-impurity pairs. As we saw above, in the (H,Si)
complex in Ge, H cannot move around the impurity
since the binding energy of (H,Si) is much smaller than
any barrier H would have to overcome. However, in
both the cases of (H,B) and (H,Be) in Si, the H atom is
firmly bound with a binding energy of about 1 eV (refer-
enced with respect to a dissociated state of isolated ion-
ized acceptors and neutral H atoms in Si and with the
Fermi level close to the top of the valence bands). From
the energy surfaces discussed above we already saw that
barriers for motion of H around the impurity are small:
0.2 eV for (H,B) and 0.1 eV for (H,Be). Such barriers
can easily be overcome when H is moving thermally.
Very recently, in experiments using the optical dichroism
of the H-B absorption bands under uniaxial stress, an ac-
tivation energy of 0.19 eV was found for H motion from
one BM site to another, in agreement with our calculated
result.?

We now consider the possibility that H would tunnel
around the substitutional impurity. Such tunneling may
occur because of the small mass of the H atom. The
much heavier Si or impurity atoms do not participate in
the quantum-mechanical process, and merely define the
potential in which the light particle moves. These poten-
tial wells should be calculated by keeping the host crystal
atoms fixed at the positions they have for the initial
lowest-energy configuration. For tunneling to occur, the
resulting potential must have two or more identical or
similar wells separated by small barriers. 2

In the case of (H,Be), the global minimum is at the C
site, with little relaxation of the host. Tunneling between
equivalent C sites can occur if there is a path that does
not require motion of the host atoms and the correspond-
ing barrier is small. Tunneling through the BM site is
not possible because, with the host atoms frozen, we find
a barrier of 2.4 eV. We have, however, identified a tun-
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neling path going through an A4B site, with a barrier of
0.4 eV. An estimate of tunneling frequencies in a one-
dimensional model has shown that such a barrier is con-
sistent with the possibility of tunneling in this system.

In the case of (H,B), the global minimum is at the
BM site, which requires large relaxations of the neigh-
boring B and Si atoms. With H located at one bond
center, these relaxations are such that the adjacent bond
centers are high in energy and thus do not provide a po-
tential well for the H atom to tunnel to. Thus, tunneling
between equivalent BM sites is not possible.

In conclusion, our theoretical calculations reveal that
H occupies different sites when it pairs with different im-
purities, and that the nature of the site determines both
the electrical activity of the pair and the possibility of
thermal and quantum-mechanical motion around the im-
purity.
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FIG. 1. Energy surface for an H atom in the (111) plane
through three bond-minima (BM) positions in Si:B,. The
plane does not contain atoms, but the unrelaxed lattice position
of the B atom is located just 0.4 A outside the plane in the
center of the red ring. The contours are color coded in three
different ranges for presentation purposes. For clarity, the sur-
face is cut off at an energy value of 0.05 eV, resulting in the
green plateaus. The zero of energy is chosen at the tetrahedral
interstitial site.



