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Local-density-functional-basedab initio calculations are used to investigate hydrogen and carbon-hydrogen
defects in GaAs. The equilibrium structure for both the C-H and C-H2 complexes are shown to be similar,
with the hydrogen located at a C-Ga bond-centered site. The dissociation of these complexes is investigated
and it is found that the energy barrier of 1.84 eV for the process C-H→ C2 1 H1 is substantially lowered
to 0.88 eV in the presence of an electron resonantly bound to the defect. This is in good quantitative agreement
with recent experiments. Isolated interstitial hydrogen is found to lie at a Ga-As bond-centered site for both
H1 and H0 and at an antibonding site relative to a Ga atom for H2. It is also found that the stable form of the
hydrogen dimer is a H2 molecule, the dissociation energy of which is 1.64 eV, and that interstitial hydrogen is
a negative-U defect. Finally, a mechanism for minority-carrier-induced device degradation is proposed.
@S0163-1829~96!06724-0#

I. INTRODUCTION

Currently, carbon is the preferredp-type dopant in GaAs
and AlxGaxAs. This is due to its low diffusivity compared
with other p-type dopants~Be and Zn! and to the fact that
high concentrations, 1020–1021 cm23, can be incorporated
into the material using metalorganic vapor-phase epitaxy
~MOVPE! and metalorganic molecular-beam epitaxial
~MOMBE! growth techniques. Recent experimental work on
heterojunction bipolar transistors~HBT’s! and p-n junction
diodes containing GaAs:C as ap-type region has concen-
trated on investigating the degradation of the device during
operation.1–3 A catastrophic decrease in current gain and re-
lated increase in low bias leakage current occurs under nor-
mal operating conditions over a time scale short enough to
be an obstacle to their wide-spread use, e.g., as high-speed
switches in communications systems. These degradation ef-
fects could also prove to be significant in other devices using
carbon-doped GaAs, such as vertical cavity surface emitting
lasers. In this paper we carry out theoretical simulations of
processes connected with this degradation, in order to clarify
the mechanisms involved and compare with related experi-
mental results.

Carbon in GaAs has been studied by both theoretical4–6

and experimental techniques.7,8 It has been established that
the substitutional defect is not an amphoteric dopant, and is
only observed to lie on the arsenic sublattice,9 thus acting as
an acceptor. An interstitial form, stable below 150 °C, is
known10,11 and has been investigated previously.12 A dicar-
bon defect13,14 that acts as a donor appears to have a low
formation energy but has not been detected to date.

The current favored growth techniques introduce large
amounts of hydrogen along with carbon into the material.
This arises from the precursors, such as trimethyl gallium

~TMGa! and arsine~AsH3), which are used in MOVPE and
MOMBE. The passivation of shallow impurities in semicon-
ductors by the formation of defect complexes with hydrogen
is well documented,15–17and experimental18–21and theoreti-
cal techniques4,5,13have already been used to investigate the
C-H complex in GaAs and AlxGa12xAs. Theab initio cal-
culations have shown that the lowest-energy structure for the
neutral C-H complex is one where H lies at a bond-centered
~BC! site along a C-Ga bond. In addition to C-H complexes,
secondary-ion-mass spectroscopy~SIMS! measurements
have shown that the MOVPE material can contain interstitial
H1 donors. SIMS was used to monitor changes in the depth
profiles of hydrogen during thermal annealing at 380 °C.22

Infrared absorption measurements showed that the concen-
tration of C-H complexes remained unchanged after the an-
neal, and the changes in depth profile were attributed to the
movement of a rapidly diffusing hydrogen species. As the
barrier to this hydrogen movement was determined to be
only 0.4 eV, it was proposed that isolated hydrogen intersti-
tials were present, probably as H1. The presence of free
hydrogen seems related to the growth technique, as other
workers report that almost all H is present as C-H
complexes.3

Fushimi et al.1 investigated the degradation of
GaAs/AlxGa12xAs diodes under a large current load. The
diode provides a simpler system to investigate than HBT’s
with GaAs:C as the base region, but exhibits the same deg-
radation effects. The degradation was correlated with the
presence of free H in the device. The free hydrogen can be
removed by thermal annealing at 450 °C, leaving only C-H
defects. It was then demonstrated that, on heating the device
up to typical operating temperatures of 200 °C, negligible
dissociation of C-H occurred. However, on passing a large
current through the device at this temperature, rapid disso-
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ciation of the C-H complexes occurred, leading to further
device degradation. It was therefore inferred that the energy
barrier to C-H dissociation is lowered by the injection of
minority carriers into thep-type region. It was also observed
that the degradation rate was proportional to the injection
current squared.1 Enhanced dissociation of other
H-passivated dopants has been reported and studied previ-
ously in, for example, boron-doped silicon.23,24 In this case,
the injection of electrons reduced the dissociation barrier of
B-H complexes.

Two main experimental approaches have been used in
order to determine the energy barrier to complex dissocia-
tion. First, straightforward thermal decomposition ofX-H
donor/acceptor–hydrogen complexes has been carried out by
annealing. This technique should overestimate the energy
barrier as the reaction is assumed to be first order and the
reformation of theX-H complex is not taken into account.
Second,X-H complex dissociation in reverse-biased Shottky
diodes has been studied. Reformation of the complexes is
now inhibited as the electric field sweeps the charged hydro-
gen atoms away from the ionized donors or acceptors. This
technique is best suited to lightly doped material in which
there is a low concentration of ionized donors. However, in
this case the barrier energy should be underestimated, as the
presence of the electric field lowers the barrier energy due to
the Poole-Frenkel effect. In fact, it has been shown that the
dissociation energy of Si-H complexes in GaAs can vary
between 1.79 and 1.20 eV, depending on the applied bias
voltage.25 Experimental results for the barrier to the process
C-H → C2 1 H1 are 1.75 6 0.3 eV by thermal
dissociation22 and 1.35 6 0.05 eV by field-assisted
dissociation.26 The experimental work described above im-
plies that the source of the degradation in devices is closely
related to defect formation involving hydrogen. It has re-
cently been suggested that the degradation process is related
to the formation of platelets.2 One final experimental result is
that the presence of small concentrations of In in the GaAs:C
region has been shown to reduce the rate of device
degradation.2

Information on the sites of isolated H interstitials has
come from muon spin spectroscopy.27–31The muon remains
as m1 in p-type GaAs but can form neutral muonium
~Mu0) or negative muonium~Mu2) in high resistivity or
n-type GaAs. This does not show that isolated H interstitials
can exist in three stable charge states as the muon results
refer to configurations limited by its lifetime. The values of
the hyperfine parameters for anomalous muonium in GaAs
imply that this center is Mu0 lying at a BC site.30 Muon
level-crossing resonance and muon-spin-rotation
measurements31 show that Mu2 is present either at the tet-
rahedral interstitial site surrounded by four Ga atoms, TGa in
Fig. 1~a!, or at the close-by antibonding site, ABGa. The
Mu2-Ga distance is estimated to be about 10% smaller than
a GaAs bond. The activation energy for the diffusion of
H1 has been estimated to be 0.66 eV using capacitance tran-
sient measurements.32 It has been suggested that Mu2 has a
lower diffusivity than Mu0 and Mu1 and a diffusion rate of
at least 1022 times smaller than Mu0 at theT site has been
deduced.29 In relation to the charge state of interstitial atomic
hydrogen, Clerjaudet al.18 deduced an associated 0/1 or

2/1 level at around 0.5 eV above the valence band.
Interstitial hydrogen in GaAs has previously been inves-

tigated theoretically by ab initio methods. Cluster
calculations33 using 56-atom clusters found H0 to be stable
at theTGa site. Neutral interstitial hydrogen at the BC site
was modeled both by Hartree-Fock34 and density-functional
~LDF! methods,35,36 yielding structural information and hy-
perfine parameters that compared favorably with those ex-
perimentally determined for anomalous muonium. Supercell-
plane–wave LDF calculations have been used to investigate
structures involving one and two interstitial hydrogen
atoms.35 These calculations found that H0 was stable at the
As antibonding~AB As) site and H1 at the M site. H2 was
found to be stable at the C site equidistant from two Ga
atoms. However, the energy differences between sites was
often very small. They also found that hydrogen in GaAs is a
negative-U system, so that, depending on the Fermi level,
H1 or H2 should be the most energetically favorable charge
state, but never H0. The lowest-energy structure for two hy-
drogen atoms was shown to be a H2 molecule at theTGasite,
and this possessed an energy 0.5 eVhigher than a molecule
outside the crystal. However, only small supercells of 16 and
32 atoms were used in these calculations. This would corre-
spond to a hydrogen concentration of around 3% and might
lead to strong defect-defect interactions.

In this paper, we present a comprehensive investigation of
C-H complexes and interstitial hydrogen defects in GaAs,
including C-H complex dissociation, in an attempt to explain
certain aspects of the experimental results on the subject. In
Sec. II we present details of our calculational formalism and
its implementation. In Secs. III and IV we present the results
of our investigations of the C-H complex and its dissocia-
tion, single interstitial hydrogen atoms, and structures in-
volving two interstitial hydrogen atoms. Finally, in Sec. V
we draw our conclusions.

FIG. 1. Sites in the lattice referred to in the text in describing the
location of hydrogen atoms and molecules.T is the tetrahedral in-
terstitial site, BC is the bond-centered site, and AB is the anti-
bonding site. Subscripts are used in the text to indicate the nearest
atoms in the AB andT sites. In the figure, these would be TAs and
ABAs sites. Thê 111& axis is labeled.
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II. CALCULATIONAL METHOD

The modeling of defects presented in this paper was car-
ried out using theAIMPRO code for atomic simulations. The
formalism implemented by this code is based on LDF theory,
and was originally presented by Jones37 with modifications
described by Briddon38 and Breuer.39 The approach used in
modeling defects in solids is as follows. A cluster of bulk
atoms is constructed, which is terminated with hydrogen in
order to saturate the surface dangling bonds. GaAs clusters
containing 86 atoms ~Ga21As21H44), 176 atoms
~Ga48As48H80), and 300 atoms~Ga95As95H110) were used
for these calculations. These clusters are stoichiometric with
C3v symmetry and have the Ga and As atoms at the bulk
GaAs positions~before the addition of defects and the sub-
sequent relaxation of the atoms!. The atomic cores are re-
placed by pseudopotentials as generated by Bachelet, Ha-
mann, and Schlu¨ter40 and the valence electrons are dealt with
under a LDF framework. The electron wave functions are
expanded using a basis of localized modified Gaussian func-
tions. These Gaussian orbitals are mades type orp type by
multiplicative factors and are centered at atomic sites and on
the centers of certain atomic bonds. For the largest clusters
used in these calculations~302 atoms! this corresponds to a
total wave function basis of 3500 functions. The defect is
generally located near the center of the cluster and always as
far from the cluster surface as possible. The rationale is that,
at a central location, the defect is essentially in a bulk envi-
ronment with only limited effects arising from the surface of
the cluster. After the construction of a suitable cluster con-
taining the defect, the atoms are then allowed to move in
order to minimize the total energy and thus determine the
equilibrium structure. A conjugate gradient algorithm is used
to carry out this minimization. Constraints can be applied to
the motion of the atoms during these structural optimizations
in order to study effects such as diffusion or dissociation, as
described in Sec. III B.

III. C-H COMPLEX

A. Equilibrium structure

The defect complex formed when hydrogen passivates
substitutional CAs in GaAs has been extensively studied. Hy-
drogen has been found to lie at a BC site between C and
Ga.4,5 The symmetry and characteristic vibrational modes
and frequencies of the neutral defect have been determined
both experimentally and theoretically. An analysis of these
aspects of the defect will not be presented here. The recent
experimental work has implied that the C-H complex more
readily dissociates in GaAs:C under minority-carrier injec-
tion. There are no defect levels in the gap associated with the
neutral C-H complex, so that the charge state of the complex
should be independent of the Fermi level. If, however, the
defect captures an electron as a long-lived resonance then it
might be possible for the complex to reorient to a lower-
energy structure, or dissociate with a lower barrier energy.

The first steps in the investigation of dissociation were to
determine the equilibrium structure of the C-H2 complex,
where an additional electron is inserted into the cluster, and
to find the site to which the hydrogen atom would move on
the dissociation of both neutral C-H and charged C-H2 com-

plexes. To these ends, the possible structures with hydrogen
as a first or second nearest neighbor of the carbon were in-
vestigated. The 86-atom cluster described in Sec. II was used
for these calculations. The As atom nearest to the center of
the cluster was replaced by a C atom, and a H atom was
added to the cluster in the appropriate position for each of
the structures investigated. In the first case, the H atom was
placed at a BC site between C and a neighboring Ga atom.
This configuration is called BC1 and illustrated in Fig. 2~a!.
This is the stable configuration found previously for the neu-
tral defect. The simplest dissociated complex, called BC2,
consisted of H placed at a bond center between As and a Ga
neighbor of C as shown in Fig. 2~b!. Three other possible
positions for the H atom were considered. In the first, it was
placed at theTGa site, nearest to C. In the second, it was
placed at aTAs site, and atTC in the third case. All the atoms
in the corresponding structures in both the neutral and nega-
tive charge states were allowed to relax with no constraints
placed on their movements.

The lowest-energy site for the H atom in both charge
states was found to be BC1 @Fig. 2~a!#. Table I gives the
energies of the other metastable sites. H is strongly bonded
to C in the BC1 structure and the bond lengths are given in
Table II, with reference to Fig. 2. The bond between H and
Ga is very weak or broken and the presence of an additional
electron located in the conduction band causes only a slight
change to the equilibrium structure~Table II!. The main ef-
fect is to weaken the Ga1-H bond even further. The BC1
structure possesses a gap free from defect levels, but the

FIG. 2. The relaxed structures for a CAs and H atom in GaAs as
referred to in the text and in Table II. The Ga and As atoms are
numbered to facilitate quoting bond lengths in the table. The hydro-
gen atom is located at~a! a C-Ga BC site~BC1), ~b! a Ga-As BC
site with C as a nearest neighbor of the Ga~BC2!, and ~c! the
ABC site.

TABLE I. The energies in eV of the structures investigated for
the C-H and C-H2 complexes. The zero of energy in each charge
state is the stable structure for that charge state~uns5unstable!.

Defect BC1 ABC BC2 TGa

C-H 0.00 0.64 0.96 uns
C-H2 0.00 0.11 0.44 1.67
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wave function for the lowest empty state in the neutral defect
is largely composed of ap orbital, parallel to C-H, on the
threefold coordinated Ga atom nearest to H. This state is then
a defect-induced resonance and could trap an additional elec-
tron.

The BC2 configuration of Fig. 2~b! is the most stable
structure corresponding to a C-H complex where H is no
longer bonded to C but lies within a second-neighbor dis-
tance of C, for both charge states. Here, H is strongly bonded
with the As atom in the neutral charge state and to the Ga
atom in the negative charge state. We shall see below that the
H-As and H-Ga bond lengths for the neutral BC2 configura-
tion are close to the corresponding bond lengths for isolated
H1 ~Sec. IV!. However, in the charged state, although the
H-Ga length is close to that found in the isolated H0 inter-
stitial, the H-As length is longer. This probably arises from
the polarization of the bond by C.

The energy difference between the BC1 and BC2 con-
figurations is the approximate dissociation energy of the
complex. This is 0.96 eV for C-H and 0.44 eV for C-H2.
The dissociation energy of the neutral complex is consider-
ably lower than the 1.85 eV found by a supercell calculation5

for the reaction C-H→ C0 1 H0. Presumably, this energy
would be reduced by the difference in the H0 donor and C
acceptor levels, if charge transfer had been allowed. The dis-
sociation energy of the neutral complex must be higher than
0.5 eV, as this is known to be the barrier for reorientation of
the defect among the four equivalent BC1 configurations.

41

The reorientation barrier is approximately the energy differ-
ence between the BC1 and ABC configurations, i.e., 0.64
eV—close to the value of 0.67 eV found previously.4

C-H2 dissociates more easily than the neutral defect because
the additional electron, initially trapped as a conduction-band
resonance, occupies a lower-energy gap level in H0.

TheT sites are not stable configurations. For both charge
states, the H atom spontaneously moved fromT C to ABC,
with H becoming strongly bonded to C. Similarly, for the

neutral defect, H at eitherTAs or TGa is unstable, and moves
to the BC2 site. For the negatively charged defect, theTAs
site is also unstable, butTGa is metastable.

B. The activation energy for C-H dissociation

The results obtained in Sec. III A show that the BC1
structure of Fig. 2~a! has the lowest energy for both the C-H
and C-H2 complexes. Therefore, the trapping of an electron
by C-H would not cause a spontaneous dissociation or reori-
entation of the defect structure, and so the dissociation of the
complex should proceed from this structure for both charge
states. Although the next-lowest-energy structure in Table I
is AB C for both neutral and negatively charged defects, the
hydrogen atom is still directly bonded to the carbon atom
and a switch to this configuration would not result in a dis-
sociation. On the other hand, the BC2 site has the lowest
energy for both charge states when H is not bonded directly
to the C atom. Therefore, it is expected that the initial step in
the dissociation of C-H→ C2 1 H1 and C-H2 → C2 1
H0 involves the movement of the atoms from the BC1 to the
BC2 configurations. These are the start and end points of the
primary dissociation event. We need then to determine the
barrier between these sites. Merely displacing the H atom in
a straight line trajectory, or interpolating between the initial
and final coordinates, would not determine an accurate en-
ergy barrier because it ignores the relaxation that can take
place near the barrier top. Moreover, it is not clear whether it
is the breaking of the C-H bond or the breaking of the
Ga1-As2 bond in Fig. 2~a!, or a combination of both, that
determines this barrier. A better procedure is to place two
constraints on the cluster that control the breaking of these
bonds, and allow all the atoms to move to their lowest-
energy sites consistent with these constraints. Two variables,
c1 andc2 , are introduced. The first of these variables takes
the H atom from the BC site between C and Ga1, in the
undissociated BC1 complex of Fig. 2~a!, to the BC site be-
tween Ga1 and As2 in the dissociated BC2 complex. The
second variable,c2 , takes Ga1 from its position in BC1,
where it is bonded to As2 , to its position in BC2 in which it
is bonded to C. Specifically,

c15~RH2RC!22~RH2RAs2
!2, ~1!

c25~RGa1
2RAs2

!22~R Ga1
2RC!2. ~2!

Here RH, RC, RGa1
, and RAs2

are the positions of the
atoms shown in Fig. 2~a! during the dissociation process.
Clearly, c1 and c2 are negative for BC1 and positive for
BC2. The values ofc1 and c2 for the start- and end-point
structures have been determined in Sec. III A above. Other
values ofc1 andc2 were then chosen between these delim-
iters, and all the atoms in the clusters were relaxed, while
maintainingc1 andc2 at their prescribed values. The relax-
ation of the clusters according to these constraints effectively
maps out an energy surface in two-dimensional constraint
space. The saddle point on the energy surface between the
start and end points is then the energy barrier for dissociation
of the complex. This approach has been used in several pre-
vious studies.42

TABLE II. The bond lengths in Å corresponding to the relaxed
structures investigated for C-H and C-H2 complexes, with refer-
ence to Fig. 2.

Bond Lengths C–H C–H2

BC1

C-H 1.09 1.09
Ga1-H 2.43 2.77
C-Ga2 1.96 1.95
Ga1-As2 2.31 2.40

BC2

Ga1-H 2.31 1.55
As1-H 1.51 2.25
As1-Ga2 2.42 2.39
Ga1-As2 2.34 2.42
Ga1-C 1.93 2.05

ABC

C-H 1.09 1.09
C-Ga1 3.81 3.47
C-Ga2 2.25 2.33
Ga1-As2 2.31 2.4 2
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The energy barrier was thereby found to be 1.84 eV for
C-H→ C2 1 H1 and 0.88 eV for C-H2 → C2 1 H0. The
saddle-point structure in the neutral case involves H forming
a bond with As2 and C being threefold coordinated. The
structure possesses a deep gap level that is empty for the
neutral case and partially occupied for the C-H2 case. These
results show that the addition of an electron to the C-H com-
plex reduces the activation energy to dissociation of the C-H
defect as well as its dissociation energy. The reductions in
the dissociation energy and the barrier to dissociation are
probably due to two effects. First, the additional electron
initially present as a conduction-band resonance is lowered
in energy as a result of dissociation, since it now occupies a
gap level due to HBC

0 . Second, the electrostatic work done in
separating H1 from C2 is absent in the second case, where
H is neutral. A schematic figure of the processes is given in
Fig. 3. We note also that there is an energy barrier to the
recombinationof C2 and H1 showing that free interstitial
hydrogen can coexist with C acceptors. This would explain
why, experimentally, even when the concentration of hydro-
gen atoms is of the order of the concentration of carbon
atoms, only around half of the carbon atoms are passivated
by hydrogen. There is also a barrier — although a smaller
one—for the recombination of C2 and H0.

IV. INTERSTITIAL HYDROGEN

A. Isolated hydrogen atoms

An 87-atom cluster, Ga21As21H45, was used to investi-
gate the stable sites for interstitial H. The cluster was al-

lowed to relax without any constraint for each charge state.
A single interstitial H atom was modeled in three charge
states as H1, H0 and H2 and was initially located at the
TAs , TGa, and BC sites.

The BC site was found to be the stable one for both H1

and H0, but H2 was stable at the ABGa site ~Fig. 4!. The
relative energies of the metastable structures are given in
Table III. These results differ from supercell calculations35

as well as those using smaller clusters. The bond lengths of
the stable and metastable structures are given in Table IV.
The 43% expansion of the GaAs bond caused by H0 at a BC
site is comparable with a 32~7!% expansion estimated30 for
Mu0. The defect has a deep midgap level.

Except for H2 at TAs , the T sites are unstable. Upon
relaxation, the H atom moved from theTAs andTGa sites to
AB As and ABGa ~Fig. 4!, respectively. For H2, TAs is a
metastable site with energy 0.52 eV above the ABGa stable
site. The H-Ga bond is 1.49 Å for the ABGa site, which is

TABLE III. The energies in eV of the structures investigated for
the single interstitial hydrogen atom in GaAs relative to the stable
configuration for that charge state~uns5unstable!.

Defect BC ABAs ABGa TAs T Ga

H1 0.00 0.40 1.35 uns uns
H0 0.00 0.34 0.48 uns uns
H2 0.30 uns 0.00 0.52 uns

FIG. 3. Schematic energy configuration diagram of the dissocia-
tion of the C-H complex in the two charge states investigated.~a!
C-H → C2 1 H1 and ~b! C-H → C2 1 H0. The two minima
denote the initial and final configurations, which are separated by a
barrier. The barrier is lower in case~b!. Note that there are also
barriers to the formation of the C-H complexes starting from free H
and C.

FIG. 4. The relaxed structures for a single interstitial hydrogen
atom as referred to in the text and in Table IV. The Ga and As
atoms are numbered to facilitate quoting bond lengths in the table.
The hydrogen atom is located at~a! the ABGa site, ~b! the ABAs

site, and~c! the Ga-As bond-centered site.

TABLE IV. The bond lengths in Å corresponding to the relaxed
structures investigated for isolated H0, H1, and H2, with reference
to Fig. 4.

Bond lengths H2 H0 H1

BC
As1-H 2.44 1.78 1.50
Ga1-H 1.48 1.66 2.14
As1-Ga2 2.31 2.37 2.41
Ga1-As2 2.39 2.36 2.31

ABAs

As1-H 1.63 1.51
As1-Ga2 2.42 2.45
Ga1-As2 2.36 2.31

ABGa

Ga1-H 1.49 1.57 1.58
As1-Ga2 2.33 2.37 2.41
Ga1-As2 2.39 2.40 2.44
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considerably less than the 2.19 Å deduced from the muon
studies.31 However, as the zero-point energy of Mu2 is
about 0.3–0.4 eV, it is likely that a dynamic reorientation of
Mu2 among the four ABGa occurs, leading to a longer av-
erage Ga-Mu bond length. This explanation is much more
likely than Mu2 being located at theTGa site and pulling
each of the four Ga atoms towards it by about 0.2 Å. The H
atom remained on the bond axis in the BC structure for all
charge states. However, H2 bonded most strongly with the
Ga atom, whereas H1 lay closest to the As atom, and H0

remained roughly equidistant from the Ga and As atoms. In
order to confirm the stability of the BC site, H1 and H0

were displaced from their equilibrium BC structures in a di-
rection perpendicular to the bond axis by 0.5 Å and the clus-
ters rerelaxed. In both cases, H returned to the BC site, show-
ing that the BC site is a stable one.

In summary, we find H0 and H1 to be stable at a BC site
and H2 to be stable at an ABGa site. These results are con-
sistent with muon studies once its large zero-point motion is
taken into account.

B. The hydrogen dimer

Simulations of structures containing two hydrogen atoms
in close proximity to each other were carried out. One ex-
pects that hydrogen molecules and H2* defects, i.e., defects
where HBC

1 lies close to43–45 HAB
2 ~Fig. 5! have particu-

larly low energies. The structures investigated in a 178-atom
cluster were a H2 molecule at theTAs andTGa sites, the two
possible H2* defects in GaAs~Fig. 5! and two H atoms at
nearest-neighbor Ga-As BC sites. The H2 molecule was lo-
cated at bothT sites with initial orientations along the
^111&, ^110&, and ^100& directions. The H2* defects were
constructed with one H atom at a BC site, and the other H
atom at the appropriateTAs or TGa site. The clusters were
relaxed without any constraints.

The stable dimer is a H2 molecule oriented alonĝ111& at
the TGa site. The energies of the metastable structures rela-
tive to this are given in Table V. The H2 molecule initially
oriented alonĝ 110& spontaneously reorients along^111& at
bothT sites. The H-H bond length for̂111& and^100& ori-
entations lay between 0.74 and 0.77 Å. There were no deep
gap levels associated with the molecules. In the H2* defects,

the hydrogen atom initially at theT site spontaneously
moved to the corresponding AB site and the BC-sited H
atom moved away from the other H atom to bond more
strongly with the host atom. The bond lengths are shown in
Table VI. Again, the defect does not possess any deep levels.
The dimer consisting of a neighboring pair of BC sited atoms
is unstable and relaxed to H2* ~Ga!.

C. Larger cluster calculations

The lowest-energy form for the hydrogen dimer was
shown in Sec. IV B to be a H2 molecule. In order to deter-
mine its dissociation energy, calculations were performed us-
ing a 302-atom cluster.

A H 2 molecule was located near the center of the cluster
at aTGa site and oriented alonĝ111&. We also considered
two configurations for the separated pair of H atoms: one
involving two neutral H atoms at BC sites separated by 12 Å
and a HAB

2 and HBC
1 pair separated by 10 Å. All atoms

were then relaxed in each of the three clusters.
The dissociation energy of H2 , producing a H2 and

H1 pair, is 1.64 eV, and 2.38 eV if two H0 defects were
produced. These values are comparable with those found in
the supercell calculations35 and demonstrate that isolated in-
terstitial H atoms in GaAs behave as a negative-U defect,
i.e., the reaction 2 H0→ H11H2 is exothermic. The exist-
ence of Mu0 is not in contradiction with our demonstration
for negative-U behavior, for the muon experiment is carried
out on GaAs containing a single muon with a limited life-
time.

V. DISCUSSION

The calculations have shown that the dissociation energy
for C-H and C-H2 are 0.96 and 0.44 eV, respectively. The

FIG. 5. The relaxed structures of the two possible H2* defect
configurations in GaAs as referred to in the text and Table VI;~a!
H2* ~As!, ~b! H2* ~Ga!.

TABLE V. The energies in eV of the structures investigated for
the H dimer relative to the stable structure. The H2 molecule is
oriented along either̂111& or ^100& at aT site.

Defect Relative energy~eV!

H2 ^111& TGa 0.00
H2 ^111& TAs 0.09
H2 ^100& TGa 0.02
H2 ^100& TAs 0.06
H2* ~As! 0.90
H2* ~Ga! 0.42

TABLE VI. The bond lengths in Å corresponding to the relaxed
H2* structures investigated, with reference to Fig. 5.

Bond lengths H2* ~Ga! H2* ~As!

As1-HBC 1.51 2.14
Ga1-HBC 2.13 1.46
As1-HAB 1.52
Ga1-HAB 1.52
As1-Ga2 2.40 2.38
Ga1-As2 2.39 2.40
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corresponding activation barriers to the dissociation are 1.84
and 0.88 eV, and the reorientation energy of the neutral C-H
complex is estimated to be 0.64 eV. The experimentally de-
termined activation barrier22 and reorientation energies41 are
1.756 0.3 eV and 0.5 eV, respectively, for the neutral C-H
complex. Since the presentation of these results in a prelimi-
nary paper,46 an experimental determination of the energy
barrier of C-H2 → C2 1 H0 has been carried out47 yielding
0.9 eV, in agreement with these calculations.

The activation barrier is lowered by a electron resonantly
bound to the defect because the work done in separating
H0 from C2 is less than that in separating H1 from C2; and
the electron, initially present as a conduction-band reso-
nance, now occupies a deep state in H0. There is also a
barrier of about 0.9 eV to the passivation process where free
H1 complexes with C2 and a smaller barrier for the recom-
bination of H0. This means that a gas of free H1 can exist in
the presence of ionized C acceptors, as indeed found.22

The stable site for H0 or H1 is a bond-centered one,
whereas H2 is stable at the Ga anti-bonding site. For
Mu2, the large zero-point energy probably causes a dynamic
reorientation among the four antibonding sites. Taking this
into account, these results are consistent with muon studies
and differ from earlier theoretical ones.

A hydrogen molecule is stable at theTGa site with a dis-
sociation energy of 1.64 eV. The product of the dissociation
consists of a H1 and H2 pair, rather than neutral atoms,
showing that hydrogen is a negative-U defect, in agreement
with previous theoretical studies.35

We now discuss the degradation of devices caused by H
aggregation. As hydrogen is a negativeU defect, the H0

released in the process C-H1e2→ C2 1 H0 during mi-
nority carrier injection is unstable. It either loses an electron
and becomes H1, which would then have a high probability
of recombining with C2 and reforming the passivated com-
plex, or it captures a second electron, becoming H2. This
must then switch sites, but will not recombine with C2. In
fact, it is likely to migrate further away due to Coulomb
repulsion, and could eventually form either a molecule by
combining with an H1 or a larger H cluster or aggregate. In
the latter case, the dissociation process results in the capture
of two electrons, which implies a dependence on the square
of the injection current, as observed experimentally. On the
injection of electrons, the two-electron capture process and

subsequent molecule formation could also occur for any free
hydrogen present in the material before electron injection.
However, the effects of the degradation manifest themselves
in the formation of recombination centers, i.e., defects pos-
sessing deep gap levels, but H2 molecules do not possess
such levels. The degradation process must then involve fur-
ther reactions associated with molecular hydrogen, which
lead to the creation of very efficient recombination centers.

One possibility is that the molecules aggregate in the form
of bubbles that plastically distort the surrounding lattice cre-
ating Ga and As interstitials, possibly in the form of a small
dislocation loop. The driving forces for this process are a
gain of about 0.5 eV for every hydrogen molecule ejected
from the crystalline environment into vacuum, and the low-
ering in the tensile strain energy in the bulk. This strain
energy is present as the volume occupied by the C acceptor
is less than that of the As atom that it has replaced in the
lattice. It is then implied that the barriers to the production of
interstitials are less than the 0.96 eV calculated for enhanced
C-H dissociation. The details of the process that leads to the
creation of these interstitials is unclear. The bubbles may be
related to platelets seen in degraded devices, although it is
not clear that the platelets are associated with dislocations. It
suggests that if hydrogen bubble formation was inhibited,
then the degradation would disappear. This would correlate
with the results indicating that the incorporation of a small
concentration of In atoms into the material reduces the rate
of degradation. The tensile strain energy of C acceptors will
be reduced by the presence of the larger In atom reducing
one of the driving forces for bubble growth. In addition, In is
known to lock As dislocations, preventing their growth.48 In
this way, the effect of In on the degradation process could be
explained. However, further experiments and calculations are
necessary to confirm this model.
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