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Boron acceptors in diamond can be passivated with hydrogen, forming Bs–H pairs. Thermally, these pairs
dissociate with an activation energy of 2.5 eV, but under an electron beam, near complete reactivation of
previously passivated acceptors can be achieved at 100 K. We present the results of density functional simu-
lations examining the effect of the addition of minority carriers to Bs–H pairs and show that electronic
excitation and negative charging significantly lower the barrier to dissociation.
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I. INTRODUCTION

Diamond, intrinsically an indirect wide-gap, electrically
insulating material, can be made to conduct via doping with
a somewhat limited range of impurities. In particular, to pro-
duce p-type diamond, boron acceptors can be incorporated in
very high concentrations leading to metallic1 and even
superconducting2 samples.

Although much theoretical analysis has been directed to
the interaction of hydrogen with impurities in diamond,3–8

the only convincing case linked to experimental evidence is
the formation of boron-hydrogen �and boron-deuterium�
pairs �Bs–H� which convert p-type samples into
insulators.9–13 The electrical passivation is observed by
capacitance-voltage measurements,10 Hall effect12 or mapped
onto the loss of electronic infrared transitions,9,11 and the
bound-exciton emission associated with the neutral
acceptor.13 To date, direct spectroscopic identification of
Bs–H pairs, such as by observation of hydrogen-related local
vibrational modes, has not be achieved.

The activation energy for the thermal release of H from
Bs–H pairs has been measured experimentally to follow an
Arrhenius process with a slope of 2.5�0.2 eV,14 requiring
annealing well above room temperature. Calculated values
range from good to fair agreement with this value,8,14,15 but
all studies recognize the barrier implies a very slow dissocia-
tion rate at room temperature and below.

Intriguingly, recent experiments show that under electron-
beam irradiation, the rate of dissociation is significantly
increased, and nearly complete reactivation of deuterium
passivated boron acceptors is achieved at 100 K.13 The
reactivation is determined by the observation of the neutral
acceptor bound-exciton emission in cathodoluminescence
under weak excitation conditions �2 min at 2 nA�. The
model proposed to explain this observation involves the pro-
motion of multiple vibrationally excited states via interac-
tions with hot electrons. Thermal dissociation of �Bs–H�S=0

0

may be ruled out due to the low temperatures involved, and
it is argued that electronic excitation is not a likely cause due
to a strong electron current dependence, which is not seen in
cases where electron excitation is believed to be in play.16,17

The role of minority carriers remains unresolved experimen-
tally, but forms a central aspect of this current, theoretical
study.

We present here the results of local-spin-density-
functional calculations regarding the properties of Bs–H
pairs in the presence of ionizing conditions and electronic
excitation. In Sec. II, we detail the computational method.
We report the results of the simulations in Sec. III and
present our conclusions in Sec. IV.

II. METHOD

Calculations were carried out using the local-spin-density-
functional technique, implemented in AIMPRO.18 To model
the defects, 64 and 216 atom, cubic supercells of side length
2a0 or 3a0 have been used, and the calculations are per-
formed using the calculated equilibrium lattice constant of
bulk diamond. The Brillouin zone is sampled using the
Monkhorst-Pack scheme,19 generally with a mesh of 2�2
�2 special k points, although convergence has been checked
by calculating total energies with a denser mesh for selected
systems. Core electrons are eliminated by using norm-
conserving pseudopotentials.20

The wave function basis consists of atom-centered
Gaussians.21 Carbon atoms are treated using linear combina-
tions of s and p orbitals with the addition of d functions to
allow for polarization. Boron and hydrogen are treated using
four and three independent sets s- and p-Gaussians with four
widths, respectively, with the addition of two sets of
d-polarization functions for the B atoms. The charge density
is Fourier transformed using plane waves with a cutoff of
300 Ry, yielding well converged total energies.

Using the above procedure, the lattice constant and bulk
modulus of bulk diamond are reproduced to within �1 and
5%, respectively, of experiment, while the direct and indirect
band gaps at 5.68 and 4.26 eV, respectively, are close to
previously published plane-wave values.22

The formation energy of X in charge state q is calculated
using23

Ef�X,q� = E�X,q� − � �i + q�Ev
X + �e� + ��q� , �1�

where E is the total energy, �i and �e are the chemical po-
tentials of the atoms and electrons, respectively, Ev

X is the
energy of Ev in the defect cell, and � is the correction for
periodic boundary conditions, for which we include only the
Madelung term,24 which for cubic supercells of side length
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2a0 and 3a0 is around 0.53q2 and 0.35q2 eV, respectively.
The use of the Madelung energy to mitigate the problems
inherent in the simulation of charged systems in periodic
boundary conditions is a crude approach and will be an over-
estimate for systems which are delocalized. One can view the
Madelung energy as an order of magnitude estimate of the
error in the location of shallow electrical levels. Thus, donor
or acceptor electrical levels may be estimated, at least quali-
tatively given the uncertainties in the charged cell energies,
using the formation energy method.25 Electrical levels calcu-
lated in this way are thermodynamic in nature and are not
dependent on whether processes involve direct or indirect
band gaps. The calculation of levels using the comparative
marker method21 is not applicable in the current study as
there are no experimental data for acceptor levels close to the
conduction band in this material.

We define a binding energy by

Eb�XY� = Ef�X� + Ef�Y� − Ef�XY� , �2�

so that a positive value represents a bound XY complex.
Binding energies calculated this way include small errors
arising from the cell size, the fixed-volume boundary condi-
tion, the application of charged-cell corrections, and those
inherent to the underlying method. The magnitude of the
error is hard to determine precisely, but we note that com-
parison of calculated and experimental values14 for Bs–H
yields an error bar of the order of 0.2 eV. Furthermore, by
comparison of binding energies in the different cells, we also
estimate that the binding energies to be converged to within
this tolerance.

Finally, activation energies for atomic motion have been
obtained using the climbing nudged-elastic-band �NEB�
method.26,27 Each diffusion process is modeled using 21 im-
ages. The saddle point structures are determined with a tol-
erance of less than 0.01 a.u. on the forces on each image.
The dependence of the activation energies on cell size,
Brillouin-zone sampling, plane-wave energy, and wave func-
tion basis have been assesses to have a combined effect of
less than 0.1 eV.

III. RESULTS

We have calculated the properties and stability of H atoms
located at bond-centered locations various distances from Bs.
Examples of each of the six nearest bond-centered sites rela-
tive to boron are indicated schematically in Fig. 1. For each
location of H, we relaxed a range of charge states from −2 to
+1, as well as the S=0 and S=1 spin configurations of the
neutral systems. The high-spin neutral configuration can be
viewed as a computational mechanism for examining the
properties of Bs

0–Hi
0 complexes, rather than Bs

−–Hi
+.

A. Geometry and electronic structure

We first review the properties of Bs–H pairs at sites 1 and
2 in Fig. 1. Nominally, we can treat Bs as possessing a single
acceptor level close to the valence band top of diamond �Ev�,
whereas, at least theoretically, interstitial hydrogen possesses
both donor and acceptor levels deep within the band gap.5,8,28

Taking first the donor property of Hi, the formation of Bs–H
pairs constitutes a simple donor-acceptor, Bs

−–H+, complex
corresponding to the passivated acceptor inferred from ex-
periment.

The relaxed structure we obtain for �Bs–H�S=0
0 at site 1 is

shown in Fig. 2�a� and the corresponding band structure is
plotted in Fig. 3�a�. The three-member ring formed by B, H,
and C is a characteristic of boron chemistry and has been
examined in detail previously.5 The structure may also be
viewed as Bs

− and a perturbed Hi
+ center, which adopts a

puckered bond-centered configuration.
For the reaction

1

2

4

3 5

6

FIG. 1. Schematics of bond-centered sites relative to an on-site
substitutional boron defect in diamond. Dark, light, and white atoms
represent C, B, and bond-center sites for Hi, respectively. The en-
closing box is aligned along the crystallographic �100�, �010�, and
�001� directions.

(a) (b)

(c) (d)

FIG. 2. Schematics of Bs–H complexes in diamond. White,
dark, and light gray atoms are H, C, and B, respectively. The box
indicates the underlying cubic axes of the diamond lattice. �a� and
�b� show the geometries of neutral pairs at nearest and next-nearest
sites, with �c� and �d� being for the negative charge state.
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�Bs – H�S=0
0 + e− → �Bs – H�−

to be able to occur in equilibrium, the Bs–H complex must
possess an acceptor level. The band structure, shown in Fig.
3�a�, suggests this is not the case, and there are no donor or
acceptor levels in the theoretical band gap, as determined
from the charge-dependent formation energies and plotted in
Fig. 4�a�. Due to the uncertainty inherent of the method,
principally due to the charge-charge interactions in the peri-
odic boundary conditions and perhaps due to the underesti-
mate in the band gap, the estimate of an acceptor level just
above the conduction band minimum does not rule out the
capture of an electron by Bs–H. Indeed, Fig. 3�a� indicates
the presence of a dispersionless empty band above the con-
duction band minimum, which is localized on the hydrogen
atom and the carbon and boron atoms which the hydrogen
neighbors.

We find that placing an additional electron to form
�Bs–H�− system pushes the H atom onto the bond center
�Fig. 2�c�� and occupies a highly localized antibonding or-
bital with a node around the location of the H atom. The
character of the unpaired electron is reminiscent of that of
isolated Hi

0, which is an axial center in contrast to puckered
bond of the positively charged interstitial hydrogen.

Since Hi possesses deep donor and acceptor levels,5,8,28 it
must be the case that there is an acceptor level for a pair of
Bs and Hi systems if they are sufficiently separated one from
the other that the interaction is negligible. Indeed, this is
what we find to be the case, so that even displacing H from
site 1 to site 2 results in �Bs–H�− possessing a geometry �Fig.
2�d�� and electronic structure �Fig. 3�d�� closely related to
Hi

0. At site 2, �Bs–H�− is thermodynamically stable for an

electron chemical potential in the upper half of the band gap,
as shown in Fig. 4�b�.

Since �Bs–H�S=1
0 can be viewed as Bs

0–Hi
0, it is unsurpris-

ing that this configuration closely matches �Bs–H�− in geom-
etry and electronic structure with the addition of a hole in a
band close to Ev. Figure 4�b� also suggests that a double
acceptor level may be present, albeit very high in the band
gap. �Bs–H�2− may be viewed as Bs

−–Hi
−.

B. Energetics for dissociation

Varying the starting location of the bond center containing
H in line with Fig. 1, we have obtained energy profiles for
the five electronic configurations, and we plot the results in
Fig. 5. The total energies are reduced with increasing dis-
tance for systems where the hydrogen component may be
considered as Hi

0 or Hi
−, i.e., �Bs–H�S=1

0 , �Bs–H�−, and
�Bs–H�2−. In contrast, the total energies increase for
�Bs–H�S=0

0 and �Bs–H�+.
We may make a number of observations. First, for

�Bs–H�− and �Bs–H�S=1
0 , one or both of the dissociated prod-

ucts are charge neutral, so that there is no long range Cou-
lomb contribution to the binding energy. The variation in
total energy with displacement for sites 2–6 is modest with
0.2 eV covering all values.

For �Bs–H�S=0
0 and �Bs–H�2−, the dissociated products are

both charged, and the energy profiles include long-range at-
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FIG. 3. �Color online� Kohn-Sham bands structures in the vicin-
ity of the band gap along high-symmetry directions of the first
Brillouin zone of a 216-atom supercell containing the structures
shown in Fig. 2. Green �filled circles� show occupied levels and red
�empty circles� empty bands. Black lines are bands for a defect-free
cell, and the zero of energy is defined as the valence band top of
diamond. In �c� and �d�, the left and right panels show the spin up
and down spectra, respectively.
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FIG. 4. �Color online� Formation energies �Ef� for Bs–H com-
plexes with H at sites �a� 1 and �b� 2, as shown in Fig. 1. The slope
of each line indicates the charge and the shaded area indicates the
region between the theoretical and experimental band gaps. The
valence band top is at �e=0 eV, and the formation energies are
computed using Eq. �1� with ��atom� taken such that
Ef��Bs–H�0 , site 1 ,S=0�=0 eV.
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tractive and repulsive Coulomb terms, respectively.
The calculated binding energies for the five systems plot-

ted in Fig. 5 are 1.9, 2.7, −0.8, −0.8, and −2.9 eV for
�Bs–H�+, �Bs–H�S=0

0 , �Bs–H�S=1
0 , �Bs–H�−, and �Bs–H�2−, re-

spectively. We shall return to these asymptotic values in the
following section, but we note that for �Bs–H�2− and
�Bs–H�S=0

0 , the energies in Fig. 5 are not converged for the
most distant pairs, whereas for �Bs–H�S=1

0 and �Bs–H�−, the
values are close to the binding energies even at site 2.

It is also clear that the energy profiles for �Bs–H�S=1
0 and

�Bs–H�− are closely matched. This may be due to the delo-
calized nature of the boron acceptor in �Bs–H�S=1

0 contribut-
ing relatively little to the interaction between the two impu-
rities. A similar argument applies to comparison of �Bs–H�S=0

0

and �Bs–H�+.

C. Kinetics

Figure 5 clearly indicates that upon excitation or capture
of electrons there exists a driving force to dissociate Bs–H
pairs. The data points in this plot represent local minima in
the energy surface, and between each of these there will, in
general, exist barriers to diffusion that will play a role in the
kinetics of dissociation. In order to shed some light upon
these barriers, we have calculated the activation energy for
the first step, i.e., site 1 to site 2 in Fig. 1, for each electronic
configuration.

For the three configurations that are unbound, the disso-
ciation mechanisms that we have modeled are very similar,
and we detail here only that of the negatively charged sys-
tem. The path involves motion between structures �a� and �e�
in Fig. 6. The barrier to interconversion obtained using the
NEB approach results in the formation of another metastable
structure, shown in Fig. 6�c�. This structure, where the hy-
drogen atom is in a nonbonded, approximately tetrahedral
interstitial location, suggests a two stage migration that is
activated by around 0.6 eV. The diffusion energy profile,
shown in Fig. 6, is clearly lower than the energy required to
dissociate the neutral impurity pair.

For kinetic barriers, the above simulations have been per-
formed using the smaller cell containing 64 host sites due to
the computational cost of these simulations. For �Bs–H�−, we
repeated the simulations using the larger computational cell,
obtaining a similar barrier of 0.7 eV. We also examined the
role of basis for the smaller cell and found that increasing the
number of basis functions also had only a very modest effect
on the barrier heights and profiles. We therefore conclude
that the results presented in Fig. 6 are sufficiently converged.

Qualitatively, the same two-stage dissociation process is
found for �Bs–H�S=1

0 and �Bs–H�2−, the NEB profiles for
which are also plotted in Fig. 6. The maxima calculated for
these electronic configurations are 0.5 and 0.7 eV, respec-
tively.

For �Bs–H�S=1
0 , �Bs–H�−, and �Bs–H�2−, the nonbonded

hydrogen �Fig. 6�c�� represents a local minimum in total en-
ergy, but this is not the case for the neutral and positively
charged systems, where starting from this structure leads to a
spontaneous relaxation to site 1. The barrier obtained for
�Bs–H�S=0

0 is also plotted in Fig. 6 for comparison. This first
step in thermal dissociation has a barrier of around 1.5 eV,
around 55% of the calculated binding energy. The remainder
of the barrier to full dissociation arises from overcoming the
Coulomb attraction between Bs

− and Hi
+ to large separations.

It is important to relate the first step to the overall disso-
ciation where the boron and hydrogen components are sepa-
rated to large distances. To this end, we note that the calcu-
lated barriers to migration for Hi

0 and Hi
− in bulk diamond are

around 1.6 and 2.0 eV, respectively.29 The energy for
�Bs–H�− at site 2 is 0.9 eV below that of site 1 �Fig. 5�.
Assuming the migration barrier of Hi

0 to be that of isolated
Hi between sites 2 and 3, viz., 1.6 eV, this places the diffu-
sion barrier at around 0.7 eV relative to site 1. Thus, the
activation energy for dissociation to large distances for
�Bs–H�−, �Bs–H�2−, and �Bs–H�S=1

0 are close to the barriers
shown in Fig. 6, i.e., 0.5–0.7 eV. We explore this further in
Sec. III D.

In contrast to thermal processing,30 diffusion is unlikely to
be trap limited for electron rich systems. This is because
under the electron beam Bs will most probably be ionized,
and since �Bs–H�− is unbound it will not be a trapping site.
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FIG. 5. Optimized total energy �eV� relative to site 1 �Fig. 1�
versus bond-center site for Bs–H pairs in different spins and charge
states: �, �Bs–H�+; �, �Bs–H�S=0

0 �S=0�; �, �Bs–H�S=1
0 ; �,

�Bs–H�−; and �, �Bs–H�2−. The shell numbers refer to Fig. 1, and
the distances are for the ideal, unrelaxed bond-centered location.
The lines linking the data are included as a guide to the eye and, in
particular, do not represent the barriers to interconversion.
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FIG. 6. �Color online� NEB diffusion barriers for dissociation of
Bs–H pairs. Filled circles �blue�: �Bs–H�−; empty circles �red�:
�Bs–H�S=1

0 ; filled squares �green�: �Bs–H�2−; and empty squares
�magenta�: �Bs–H�S=0

0 , S=0. Structures �a�–�e� are for the
�meta�stable and transition states for �Bs–H�−.
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Indeed, the presence of a negative charge may contribute to a
field enhanced migration, as proposed for athermal displace-
ment of lattice damage in diamond under irradiation from an
electron beam.31

For a Boltzmann process to yield a hop rate of the order
of 1 Hz, presupposing an attempt frequency of 40 THz,32

suggests a barrier of around 0.3 eV corresponds to the ex-
perimental temperature of 100 K. The barrier heights calcu-
lated between 0.5 and 0.7 eV clearly exceed this value. How-
ever, they are classical in nature, and it is known that
quantum effects may be important for hydrogen containing
systems in diamond.33 Indeed, the calculated classical barrier
to reorientation for vacancy-nitrogen-hydrogen complexes
is very similar at 0.4 eV, but the experimental observations
are consistent with H tunneling between sites at low
temperature.34 Furthermore, we have prescribed the route for
diffusion to involve insertion into site 2 in Fig. 1. Therefore,
the barriers can generally be taken to be upper bounds and
may be viewed as consistent with thermal dissociation at
100 K. It may be that repeating the experiments at lower
temperatures would help shed light on the upper bound to
thermal processes accounting for the observations.

Regrettably, the current computational method is not able
to comment upon a multivibrational mode process for the
enhanced dissociation of Bs–H pairs under an electron beam.
However, the calculations show that irrespective of the role
of vibrational excitation, a high density of minority carrier
would lead to dissociation at lower temperatures than in their
absence.

D. Fate of the hydrogen

The question of the destination of the hydrogen or deute-
rium after release from the Bs–H and Bs-D pairs remains
open. We note that an individual Hi is a deep electron donor,
and would therefore be expected to compensate the boron
acceptors in thermodynamic equilibrium. We present three
possible schemes that would be consistent with the experi-
mental observations.

�a� Hi released from Bs–H complexes end up in passive
complexes containing an even number of hydrogen atoms.

�b� Hi are unable to compensate the acceptors due to their
distance from them, i.e., thermodynamic equilibrium is not
achieved, which is feasible in diamond as an electrical
insulator.35

�c� Hi are completely lost from the region of material
where the cathodoluminescence related boron bound-exciton
emission originates.

For �a�, we have examined the energetics for reactions
involving Bs–H complexes and hydrogen aggregates. The
most stable form of hydrogen dimer is H2

*,5,36 but larger ag-
gregates, such as a pair of these centers29 �H4� is even more
stable. The reactions are

�Bs – H�S=0
0 → Bs

0 +
1

2
H2

* − 2.4 eV,

�Bs – H�S=0
0 → Bs

0 +
1

4
H4 − 1.8 eV,

which are endothermic. However, in the presence of minority
carriers, the reactions of interest may be of the form

�Bs – H�− → Bs
− +

1

2
H2

* + 2.1 eV,

�Bs – H�− → Bs
− +

1

4
H4 + 2.6 eV,

which are exothermic. Indeed, these reactions liberate so
much energy that they are exothermic relative to dissociated
Bs–H pairs. This suggests that in the presence of excess elec-
trons there is a energetic benefit in the formation of hydrogen
aggregates such as H2

*.
Once the electron beam is removed, although thermody-

namic equilibrium would tend to dissociate the hydrogen
complexes to reform Bs–H pairs, the considerable binding
energy of H2

* and H4 aggregates �1.3 and 1.8 eV /H atom,
respectively� would prevent this from happening unless the
material is annealed. Aggregates of even numbers of H at-
oms are electrically passive, and the formation of H2

* and H4
or similar systems would therefore lead to the reactivation of
Bs, as observed experimentally. This model relies on the be-
havior of electrically passive H2

* being qualitatively different
from that of electrically passive Bs–H, i.e., that H2

* cannot
become negatively charged.

Indeed, this is what we find. During the dissociation of
�Bs–H�− into Bs

− and Hi
0, a shallow partially filled level

moves to midgap �Figs. 3�b� and 3�d��. The midgap state
associated with Hi

0 contains a single electron, shown sche-
matics in Fig. 7�a�. In the case of dissociation of �H2

*�−,
shown schematically in Fig. 7�b�, two interstitial hydrogen
species are formed, and their two midgap levels contain three
electrons. In this simple picture, there is an energy saving in
the �Bs–H�− case related to the lowering in the gap of the
half-filled level, and a cost for �H2

*�− since two filled states
are pushed up in energy, and only one moves down. The
calculations show that separate Hi

0 and Hi
− is higher in energy

than H2
* and an electron in the conduction band by 0.5 eV in

a 216 atom supercell. Therefore, in contrast to what we find
for Bs–H, there is no energetic reason for the dissociation of
H2

* to proceed under the injection of minority carriers. Thus,
the formation of passive hydrogen aggregates, irreversible at
the low experimental temperatures, is a plausible explanation
for the reactivation of Bs.

As mentioned above, migration of Hi
0 is an activated pro-

cess and should not occur rapidly at 100 K. The question is

Valence band

Conduction band

Valence band

Conduction band

(b)(a)

FIG. 7. Schematic of the change in gap levels associated with
the dissociation of �a� �Bs–H�− and �b� �H2

*�−. Black and white
circles represent filled and empty levels, respectively.
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whether the energy supplied to Bs–H by the absorption of an
electron is sufficient to allow the released Hi

0 to migrate far
enough to be captured by another Hi

0. The calculations sug-
gest that the first step is on a par with the overall barrier, as
illustrated schematically in Fig. 8. During migration, Hi

0

would lose energy in the form of lattice phonons. Once the
kinetic energy of is sufficiently reduced, the hydrogen will be
trapped in a bond center.

A problem then arises. If the diffusion distance of Hi
0 is

small, then they will not be able to form aggregates and
hence would be electrically active. If this is the case and
hydrogen is dissolved in the material as individual Hi

0, but
they are sufficiently far from any Bs, they may not be able to
donate their electrons to compensate Bs

0 once the electron
beam is removed. This is case �b�. Assuming that effective
mass theory adequately represents the acceptor wave func-
tion of Bs, one can estimate the orbit to have a radius of
3–8 Å,37 which is fewer than three lattice constants. The
donor wave function of Hi

0 is midgap and highly localized,
and its extent can be ignored. Thus, if all Hi diffuse to a
distance in excess of the effective Bohr orbit from any Bs

−

under the electron beam, the material may appear as if the
hydrogen has been lost with respect to the boron related op-
tical emission.

The diffusion length of Hi subsequent to dissociation may
not be so limited if during electron irradiation continuous
excitation of Hi may drive its migration, in line with the
model of Barjon et al.13 Indeed, excitation via an electron
beam is thought to be the cause of athermal motion of self-
interstitials in diamond. In this case, the thermal barrier to
migration is close to 1.6–1.7 eV,38,39 but during electron ir-

radiation at cryogenic temperatures, they can aggregate to
form the R1 and O3 EPR centers.40

Finally, we examine case �c�. If during electron irradiation
the released hydrogen is predominantly negatively charged
�Hi

−�, then the formation of hydrogen aggregates would be
inhibited due to mutual Coulomb repulsion. However, the
accumulation of negative charge within the irradiation region
would lead to an electric field which could enhance the mi-
gration of Hi

− away from the electron beam, as suggested for
charged lattice damage species.31 If this is the principal
mechanism, then the irradiated region would have very low
hydrogen densities in comparison to the surrounding mate-
rial. This would be in contrast to a mechanism involving
hydrogen aggregate formation, which would maintain a con-
stant average hydrogen density throughout the material.

IV. CONCLUDING REMARKS

We have modeled the energetics of dissociation of Bs–H
pairs in diamond under the assumption that during excitation,
such as provided by an electron beam, nonequilibrium
charge and spin state may be populated.

Of the candidate electronic configurations examined,
�Bs–H�S=1

0 �Bs–H�−, and �Bs–H�2− cases all show a reduction
in the barrier to dissociation relative to that of �Bs–H�S=0

0 .
The barriers of 0.5–0.7 eV are likely to be upper bounds
since the effective barriers including quantum tunneling ef-
fects will be lower, as proposed for H hopping within
vacancies.33,34

We suggest that excitation and minority carrier capture
processes may be the underlying processes involved in the
enhanced dissociation seen in experiment using electron
beams.13 If, as we find, the barrier is reduced sufficiently
upon charging, the subsequent reactivation of Bs

0 acceptors
may be considered an entirely thermal process. However, it
cannot be determined what role, if any, the vibrational exci-
tation of the hydrogen may have, and it might be that a
combination of electronic and vibrational effects are in play.

Of the possible end product of the hydrogen lost from the
Bs–H complexes, the simple explanations involving the mi-
gration of Hi outside the region investigated via the CL ex-
periment or the formation of electrically inactive dimers are
both reasonable candidates. Clarification from further experi-
ment is needed, and we suggest that determination of effects
at lower temperatures, and the spatial distribution of hydro-
gen subsequent to reactivation of the acceptors would be
highly desirable experiments in order to further specify the
underlying processes.
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FIG. 8. �Color online� Schematic representations of the energy
profiles for diffusion of Hi

0 �dashed line� and Hi
− �solid line� in the

dissociation of �Bs–H�− and �Bs–H�2−, respectively. Diffusion dis-
tance is in units of atomic steps. Barriers beyond the first step is
assumed to be that in bulk �1.6 and 2.0 eV for Hi

0 and Hi
−, respec-

tively�. Minima from step 6 onward are based on the overall bind-
ing energies of −0.8 and −2.9 eV.
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